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Abstract

The tropical oceans have long been recognized as the most important region for large-
scale ocean-atmosphere interactions that give rise to coupled climate variations on
several time scales. During the TOGA decade, the focus of much tropical ocean research
was on the understanding of El Niho related processes and on the development of tropical
ocean models capable of simulating and predicting El Ninho. These studies led to an
appreciation of the vital role the ocean plays in providing the memory for predicting El
Niho and the feasibility of seasonal climate prediction. With the ending of TOGA and
the beginning of CLIVAR, the scope of climate variability and predictability studies has
been expanded from the tropical Pacific and ENSO-centric basis to the global domain. In
this paper we discuss the progress that has been made in tropical ocean climate studies
during the early years of CLIVAR. The discussion is divided geographically into three
tropical ocean basins with an emphasis on the dynamical processes that are most relevant
to the coupling between the atmosphere and oceans. For the tropical Pacific, we assess
the continuing effort to improve our understanding of large and small-scale dynamics for
extending the skill of ENSO prediction. We then go beyond the time and space scales of
El Nifo and discuss recent research activities on the fundamental issue concerning the
maintenance of the tropical thermocline. This includes the study of Subtropical Cells
(STCs) and ventilated thermocline processes, which are potentially important to the
understanding of the low-frequency modulation of El Nifo. For the tropical Atlantic, we
examine the dominant oceanic processes that interact with regional atmospheric
feedbacks as well as the remote influence from both the Pacific El Nifo and extratropical
climate fluctuations, giving rise to multiple patterns of variability distinguished by season
and location. We also discuss the potential impact of the Atlantic thermohaline
circulation on Tropical Atlantic Variability (TAV). For the tropical Indian Ocean, we
examine local and remote mechanisms governing the low-frequency sea-surface
temperature variations. After reviewing the recent rapid progress in the understanding of
coupled dynamics in the region, we focus on the active role of ocean dynamics in the
east-west internal mode of variability locked to the seasons, known as the Indian Ocean

Dipole (IOD). We also discuss influences of the IOD on climatic conditions in Asia,
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Australia, East Africa and Europe. While the attempt here is to give a comprehensive
overview of what is currently known about the role of the tropical oceans in climate, the
fact of the matter is that much remains to be understood and explained. The complex
nature of the tropical coupled phenomena and the interaction among them argue strongly
of the need for coordinated and sustained observations, as well as careful modeling
investigations in order to further advance our current understanding of the role of tropical

oceans in climate.



1. Introduction

The tropical ocean has been perhaps best studied for its role in the EI Niho
phenomenon. During the decade (1985-1994) of the Tropical Ocean-Global Atmosphere
(TOGA) program, a concerted international research effort was undertaken primarily
within the tropical Pacific Ocean with the goal of better describing El Nifio -Southern
Oscillation (ENSO) as a coupled ocean-atmosphere phenomenon, understanding its
underlying dynamics, as well as exploiting its predictability using coupled ocean-
atmosphere models. TOGA was immensely successful, from which we learned a great
deal about how the dynamics of the equatorial wave guide play a role of ocean memory
in ENSO cycle and how this oceanic mechanism, working in concert with ocean-
atmosphere feedbacks, gives rise to a class of coupled modes that are so critical to our
understanding of ENSO physics. This understanding forms the theoretical basis for
predicting ENSO and associated climate fluctuations on seasonal-to-interannual time
scales. What emerged from these studies during the TOGA decade was an appreciation
that forecasting ENSO was indeed possible, and that accurate estimation of the upper
ocean state in the tropical Pacific was critical for the prediction. This led to the
development of the TOGA observing system in the tropical Pacific, and activity in
developing initialization and assimilation schemes to maximally extract this valuable
information in the ocean state, as well as continuing efforts to improve models and
coupling strategies that facilitate the development of coupled model prediction systems.
There is now a large body of published literature devoted to issues concerning the role of
the tropical Pacific Ocean in ENSO, including the monograph by Philander (1990) and a
collection of papers in a special volume of Journal of Geophysical Research (JGR, 1998)
dedicated to reviewing the progress of ENSO research prediction during the TOGA
decade. This review focuses on recent progress that has been made after TOGA and
during the early years of the ongoing Climate Variability and Prediction (CLIVAR)

Program.

The role of tropical oceans in climate goes far beyond ENSO. From an energy
perspective, the global energy balance requires strong poleward heat transport out of the

tropics, divided between the atmosphere and ocean components. Conditions in the
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tropical oceans make them highly effective in this heat transport. This is achieved
through a number of oceanic processes. Among them are the entrainment of colder
subsurface waters into the surface layer that enables the equatorial ocean to absorb
atmospheric heat input, and the subsequent transport of these surface waters to the
extratropics. This so-called warm water formation and escape (WWFE) process
(Csanady 1984) in the upper tropical oceans is in sharp contrast to the cold water
formation process in the polar oceans, both of which form a critical part of the global heat
budget. Together with the atmospheric circulation, the tropical ocean circulation creates
a unique environment for ocean-atmosphere interactions which are critical elements of
the global heat budget. It is in the tropics where the warmest surface water of the world’s
oceans resides, supporting atmospheric deep convection that is highly sensitive to
changes in sea surface temperatures (SSTs). It is in this region where the surface mixed
layer is coupled to the subsurface ocean, allowing changes in the subsurface to have a
direct impact on SST. It is in this region where a sharp thermocline is formed and
maintained by the large-scale ocean circulation, making changes in ocean circulation an
important player in global climate variability. It is in this region where the poleward
oceanic heat transport is at its maximum, making it a critical part of the global heat
budget. As will be discussed, the conditions that make all this possible are not mere
accidents, and one of the major achievements of CLIVAR research has been a significant
advance in our understanding of the ocean dynamics and coupling processes that
determine the structure of the tropical oceans and their direct connection to the

subtropics.

There is no doubt that ENSO is the most spectacular and profound climatic
phenomenon in the tropical ocean-atmosphere coupled system, and its impact reaches far
beyond the tropical Pacific. Considerable progress has been made in the understanding
of its variability and predictability over the past two decades. But it is by no means true
that ENSO is the only mode of climate variability in the tropical coupled system. Nor
does it mean that our understanding of this phenomenon is complete. While the effort
has been continued to improve our understanding of ENSO dynamics and to refine the

ENSO prediction system during the early years of CLIVAR, the scope and dimensions of



this research have expanded considerably to explore the role of other climate phenomena
in the tropical coupled system. These recent studies clearly indicate the need to improve
our understanding of these climate phenomena in order to extend our success in the

ENSO-based seasonal climate prediction to the global domain.

In the Pacific sector, considerable recent research effort has been directed towards
investigating the cause of decadal changes in the “mean state” of the coupled system and
its relationship to ENSO. Although the observational record is too short to provide a
“canonical” description of mean state changes, empirical studies show that the pattern of
the low-frequency variation, albeit similar to ENSO in many aspects, has some distinctive
characteristics. Most noticeably, its center of action in the tropics shifts considerably
westward towards the western tropical Pacific and tropical Indian Ocean. Also, its
meridional extent is considerably broader than the canonical ENSO pattern and its
variability in the tropics is linked to interdecadal climate fluctations over the North
Pacific during boreal winter (Deser et al. 2004). The latter points to the fact that Pacific
interdecadal variability involves not only dynamical processes inherent to the tropical
coupled system, but also processes that involve interactions/exchanges between the
tropics and extratropics. A topic that has received focused attention is the oceanic aspect
of this tropical-extratropical exchange process and its role in determining the nature of

the interdecadal changes in the Pacific coupled system.

In the tropical Atlantic, much of the recent research has been focused on two dominant
patterns of coupled ocean-atmosphere variability that are closely linked to major climate
fluctuations in the region. The so-called Atlantic zonal mode is often viewed as the
Atlantic counterpart of the Pacific ENSO and varies primarily on interannual time scales,
whereas the meridional mode seems unique to the tropical Atlantic coupled system and
varies on multiple time scales. Collectively, these phenomena are termed as Tropical
Atlantic Variability (TAV). TAV is tightly phase locked to the Atlantic seasonal cycle
with distinctive seasonality. Although Pacific ENSO plays a dominant role in the remote
forcing in TAV, those two phenomena can occur without remote influence from ENSO,

suggesting that they are inherent to the tropical Atlantic coupled system. The role of the



ocean in TAV remains largely unexplored. Recent studies suggest that processes
controlling the zonal mode may be confined within the equatorial ocean, but those
affecting the meridional mode may extend well beyond the tropics, possibly including
tropical-extratropical ocean exchanges and interactions with the Atlantic Meridional

Overturning Circulation (MOC).

In the Indian Ocean, recent anomalous events that took place during 1994 and 1997 led
to the discovery of a new ocean-atmosphere coupled phenomenon now widely known as
the Indian Ocean Dipole (IOD) mode (Saji et al. 1999; Yamagata et al. 2003a 2004) or
the Indian Ocean Zonal (I0Z) mode (Webster et al. 1999). The IOD mode has shown to
affect not only climate fluctuations in the Indian Ocean sector but also around the globe.
Its discovery has generated vigorous interest in the study of ocean-atmosphere coupled
dynamics over the Indian Ocean sector and the role of IOD in global climate variability.
A prominent feature of the IOD is the characteristic east-west dipole pattern in SST
anomalies which is in turn coupled to large thermocline anomalies. The atmospheric
response to the SST dipole pattern is observed in wind and OLR (Behera et al.
1999,2003a; Yamagata et al. 2002) and sea level pressure (Behera and Yamagata 2003).
These oceanic and atmospheric conditions imply that the Bjerknes-type (Bjerknes 1969)
feedback mechanism is responsible for the IOD evolution. Therefore, the ocean memory
is expected to play an important role through equatorial wave adjustment but this needs to

be investigated more by observation.

The purpose of this paper is to provide an overview of recent studies concerning the
role of the oceans in a wide spectrum of climate phenomena within the tropical coupled
system. For the sake of convenience, the discussion is divided geographically into three
tropical ocean basins. We begin our discussion from the tropical Pacific Ocean in section
2, then move to the tropical Atlantic Ocean in section 3, and finally visit the tropical
Indian Ocean in section 4. For each basin, instead of giving a general discussion of the
ocean circulation, we focus on the oceanic processes that are most relevant to the specific
phenomena in the region after a brief description of the phenomena and the feedback

mechanisms. This division does not imply that the phenomena within each tropical ocean



basin are independent of those in other basins. To the contrary, many of these
phenomena are interrelated and interact among each other. In section 5, we discuss the

future challenges that lie ahead.



2. Pacific ENSO and Decadal Changes in ENSO

Although its impact is global, the origin of ENSO resides in the tropical Pacific. The
interaction between the atmosphere and ocean within the tropical Pacific basin plays a
fundamental role in determining the characteristics of ENSO. Numerous studies have
been devoted to documenting and understanding its evolution, its apparent preferred time
scale, its phase-locking to the annual cycle, its irregularity and its impact. For a detailed
account of the history of ENSO, the readers are referred to many review papers and
monographs, in particular, the excellent text by Philander (1990) and the special volume
of the Journal of Geophysical Research (JGR, 1998). There is little dispute that ENSO is
a genuine ocean-atmosphere phenomenon borne out of active interaction between the two
components of the climate system. Its occurrence can not be explained by either
atmospheric or oceanic processes alone. In the following we first give a brief summary
of our general understanding of this phenomenon, and then focus on the more recent
studies that are mostly concerned with ENSO’s predictability and its low-frequency

variability.

At first order, ENSO can be described as a climate perturbation around the “mean” state
of tropical Pacific coupled system. The mean state consists of an east-to-west gradient in
SST and overlying Trade winds (Walker circulation) of the tropical atmosphere that
support a positive dynamical feedback: the temperature difference along the equator
reinforces the strength of the trade winds by favoring large scale ascent and atmospheric
heating over the western equatorial Pacific and large scale descent and atmospheric
cooling over the eastern equatorial Pacific. In turn, the easterly wind stress acting on the
ocean surface causes the thermocline to rise and the cold subsurface water to upwell in
the east. The Trade winds and associated equatorial upwelling maintain the
climatological distribution in the tropical Pacific SST: i.e., a western warm pool and
eastern cold tongue structure in the equatorial Pacific. Because of the positive feedback, a
modest change in either the equatorial SST or in the trade winds can trigger a chain
reaction in the coupled system. For instance, if there is a weakening in the equatorial

trade wind (a westerly wind anomaly), the equatorial upwelling will decrease. This
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causes a relaxation in the west-to-east slope of the thermocline and decreases the west-to-
east sea surface temperature contrast. Since the Walker circulation is maintained by this
surface temperature gradient, the weakening in the zonal temperature gradient will cause
further weakening of the trade winds, which in turn causes further warming in the eastern
equatorial Pacific. This feedback mechanism, known as Bjerknes' hypothesis, is the key

element responsible for the development of warm (and cold) ENSO episodes.

The canonical picture of ENSO based on a variety of observations is entirely consistent
with Bjerknes' hypothesis. The robust features accompanying warm ENSO events
include: 1) quasi-stationary warm SST anomalies in the eastern and central Pacific; 2) a
relaxation of the trade winds associated with positive SST anomalies in the eastern and
central equatorial Pacific at event onset; 3) a deepening in the east and a shoaling in the
west of the thermocline along the equator, that lead the SST changes; 4) a tendency for
the anomalously deep thermocline in the eastern/central Pacific to return to
climatological values prior to the peak of the ENSO event; 5) an increase in the trades in
the far western Pacific one to two seasons prior to the onset of the ENSO event. These
features underscore the tight coupling between the atmosphere and ocean during ENSO

evolution.

ENSO events last approximately 12-18 months and occur every two to seven years with
large variation in strength. Further analysis indicates that for most ENSO events the
maximum warming in the eastern equatorial Pacific occurs in December and January.
This property has been referred to as the phase-locking of ENSO to the annual cycle.
Linear (and non-linear) wave dynamics of the equatorial wave guide are crucially
important in giving rise to the quasi-oscillatory nature of ENSO. Oceanic Kelvin and
Rossby waves propagate energy and momentum received from the wind stress, providing
the oceanic memory that is so important to ENSO. (Similar waves exist in the
atmosphere, but their propagation rates are far greater than the oceanic counterparts.
Therefore, the adjustment time scale of the tropical atmosphere to changes in SST is
much shorter (10 days or less) than the adjustment time scale of the equatorial ocean

(approximately six months) to changes in wind stress. The short adjustment time of the
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atmosphere suggests the assumption (good to zeroth order) that the atmosphere is in a
statistical equilibrium with the SST on time scales longer than a few months.) Thus, the
memory of the state of the climate system primarily resides in the ocean. The free
oceanic Kelvin and Rossby waves can be strongly modified by air-sea coupling. The
Bjerknes feedback can destabilize these waves, giving rise to unstable coupled modes
that resemble the slow westward propagating oceanic Rossby mode and the eastward
propagating oceanic Kelvin mode. These coupled modes represent the extrema of the
continuum of unstable coupled atmosphere-ocean modes. In fact, the coupling between
the atmosphere and ocean generates a new breed of modes whose characteristics depend
on the time scale of dynamical adjustment of the ocean relative to the time scale of SST
change due to the air-sea coupling (Hirst 1986, 1988; Neelin 1991; Neelin and Jin 1993;
Jin and Neelin 1993a,b). Stability analysis of a simple ENSO model linearized around a
given mean state reveals a rich variety of structures in the coupled modes in a space
spanned by parameters characterizing the two time scales (Neelin 1991; Neelin and Jin
1993; Jin and Neelin 1993a,b; Neelin et al. 1994; Neelin et al. 1998). The coupled mode
of most relevance to ENSO in reality appears to reside in a parameter regime where the
time scales associated with the local air-sea interaction are comparable to the dynamical
adjustment time of the tropical Pacific Ocean. The evolution of the coupled mode in this
parameter regime can be described in two phases. During the development phase, the
Bjerknes positive feedback dominates which causes the anomalies to grow. During the
decay phase, the equatorial wave adjustment process of the ocean plays a role of delayed
negative feedback. Rossby wave packets carry off-equatorial thermocline anomalies of
opposite sign to the equatorial anomaly generated by the Bjerknes feedback to the
western boundary where they are reflected into equatorial Kelvin waves which
subsequently propagate eastward along the equator. These negative feedbacks counteract
the Bjerknes positive feedback and cause the system to have perpetual turnabouts from
warm to cold states and back again. The time scale that is associated with the ocean
wave adjustment provides the "memory" of the coupled system that is essential for the
oscillations in this ENSO paradigm. Mathematically, the behavior of the ENSO mode can
be described by a heuristic differential-delay equation in terms of sea-surface temperature

anomaly. Therefore, this coupled mode is widely known as the “delayed-oscillator
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mode” (Battisti and Hirst 1989; Schopf and Suarez 1988, 1990). While the delayed
oscillator appears to explain many features of both observations and models, it has not
been directly verified through observation; in particular, the implied symmetry of cold
and warm states seems unrealistic (Kessler 2002a). At the low frequencies of ENSO,
determining wave reflection efficiency and other necessary components of the theory are
extremely difficult (Zang et al. 2002), but the work of Schopf and Suarez (1990) pointed
out that a wave reflection efficiency of as little as 15% could still sustain a viable

oscillating system.

A related prototype ENSO model, known as the recharge oscillator, has been proposed
by Jin (1997), in which the role of the equatorial Kelvin and Rossby waves in the ocean
adjustment is described as the slow recharge/discharge of the equatorial heat content.
This view makes use of the fact that the Rossby/Kelvin wave transit time across the basin
is short in comparison with the period of ENSO, and therefore one may make a quasi-
steady approximation, replacing the Rossby waves with Sverdrup balance, as described
by Anderson and Gill (1975). This removes the wave transit time as a natural time scale
of the problem, replacing it with a free parameter of the system. A major advantage of
this approach is that the essential mechanism, interior Sverdrup flow, is more amenable
to measurement, and monitoring of the low frequency convergence of the tropical
thermocline can be undertaken (Johnson and McPhaden 1999; McPhaden and Zhang
2002, 2004). The challenge to such monitoring, however, occurs because the hard-to-
measure western boundary current transports may counteract the interior mass

convergence.

In these theories, the ocean's role lies in the dynamical response of the thermocline
throughout the tropics to anomalous wind forcing, transmitting information across the
basin through large-scale dynamics. When averaged over periods of a year or more, the
delayed and recharge oscillators are fundamentally equivalent, both relying on wind
stress-curl-generated thermocline depth and geostrophic flow changes. Both oscillators
are self-sustained, with the thermocline depth carrying the memory across both phases of

the cycle. Alternative views of the ocean's role emerge in theories that ENSO is due to an
y g
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advective mechanism (Picaut et al. 1997) or is due to equatorial Kelvin waves only -
theories based on “westerly wind bursts” and stochastic forcing. The distinction between
these views emerges through a concern over how equatorial wave signals alter the SST,
which has important implications for whether simple predictive systems can be built. In
the next section, we examine the source of ENSO irregularity, where the different roles of

the ocean come to play a more central role.

a. ENSO irregularity and predictability limit

The detailed features of any single ENSO event vary considerably from case to case,
including when and where the initial warming starts. For example, the 1997/8 event
increased surface temperature near Peru by more than 5 °C. In contrast, in the 1986-87
ENSO event the warming extended eastward only as far the mid-Pacific (near 170 W)
and the maximum temperature was a modest 1°C above normal. The warming from 1990
to 1994 consisted of three weak warm events and had a persistent “horseshoe-shaped”
SST anomaly. This irregularity reflects the complexity of the coupled ocean-atmosphere
system and hints at the difficulties in predicting ENSO. Much remains to be done on the
fundamental question of the predictability limit for ENSO. Beyond noting that some
model systems seem to exhibit predictive skill for ENSO over a short time, we do not
know whether this limit is essentially due to lack of model skill, the inability to
adequately specify the initial conditions, or to not-yet-understood fundamentals of the

physical system.

Theories on the cause of ENSO irregularity can be broadly grouped into three
categories: The first view argues for the importance of nonlinearity within the tropical
coupled system. The nonlinearity arises from strong air-sea feedback that puts the
coupled mode in an unstable dynamic region. In this regime, ENSO can not only be
described as a self-sustained oscillator, but it can interact nonlinearly with either the
annual cycle (Jin et al. 1994; Tziperman et al. 1994; Chang et al. 1994; Wang et al. 1999)
or other coupled modes (e.g., Mantua and Battisti 1995), giving rise to deterministic

chaos. The loss of predictability is primarily due to the inaccurate initial conditions.
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This view relies upon fairly robust ocean wave dynamics that provide the underlying

timescales for the problem.

The opposing view to this is the stochastic ENSO theory in which "weather" noise
(which may include timescales up to the intraseasonal) generated by the internal
dynamics of the atmosphere plays a fundamental role in not only giving rise to ENSO
irregularity, but also in maintaining ENSO variance. In this view, the coupled mode is in
a stable damped regime, and thus ENSO cycle cannot be self-sustained without external
noise forcing (Penland and Sardeshmukh 1995; Flugel and Chang 1996; Moore and
Kleeman 1999a,b; Kleeman and Moore 1997; Thompson and Battisti 2000 2001; Flugel
et al. 2004). All noise forcing is not equal, however, and the spatial structure of some
types of high-frequency atmospheric phenomena may project especially well onto
coupled sensitivities (Kessler and Kleeman 2000; Moore and Kleeman 1999b). The
development of an ENSO event is not governed by the temporal characteristic of a single
coupled mode, but is rather due to the interference of many coupled modes. Non-modal
growth within the coupled system is responsible for SST anomaly growth during an
ENSO event, which can be influenced both by initial conditions and by stochastic
forcing. Therefore, initial condition error as well as weather noise play an important role
in limiting the predictability of ENSO. This view permits consideration of more variants
on the role of the ocean. In particular, it permits the view that ENSO arises essentially
through equatorial processes (including both wave propagation and ocean-atmosphere

feedbacks) while the off-equatorial ocean behavior can be relegated to lower importance.

In between these two viewpoints is the view that ENSO is self-sustained (due to weak
nonlinearity) and is periodic (Battisti 1988; Suarez and Schopf 1988; Jin 1997; Kirtman
1997). Its behavior is governed by the temporal characteristics of the single, most
dominant coupled mode plus the influence of weather noise. In this scenario of ENSO,
predictability comes from the oscillatory nature of the dominant mode (Chen et al. 2004),
while the loss of predictability is primarily due to noise influence. Different from the
stochastic ENSO theory where the noise influences the non-modal growth of the coupled

system, the role of the noise in this case is to disrupt the regular oscillation of the
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dominant mode (Fedorov et al. 2003). In this regime, the ocean wave dynamics and

reflection properties must also be sufficient to sustain the oscillation.

Pinpointing exactly where in the parameter regime ENSO resides in reality is difficult,
if not impossible, given the available observations. Many of the recent studies on this
issue are based on relative simple coupled model simulations and prediction experiments.
Some of the evidence supporting stochastic ENSO theory are based on the finding that in
the damped regime the coupled model forced by stochastic processes produces the best fit
to observed ENSO statistics (e.g., Thompson and Battisti 2001; Penland et al. 2000).
Other evidence comes from the finding that there is a lack of support for a continuous
ENSO cycle, as depicted by the delayed oscillator theory, in the observations (Li and
Clarke 1994; Kessler and McPhaden 1995; Weisberg and Wang 1997; Harrison and
Vecchi 1999; Zhang and Rothstein 2000; Larkin and Harrison 2002, Kessler 2002a). In
particular, there is little observational evidence that the initiation of an ENSO event relies
on the memory of previous event, though the termination of an event is generally
consistent with the delayed oscillator mechanism. The break in the cycle suggests that
the system is in a damped regime and the onset of ENSO relies on external influences
(Kessler 2002a). Other studies dispute the stochastic hypothesis by providing evidence
that seems to be more consistent with the self-sustained ENSO theory. As demonstrated
in Schopf and Suarez (1988) and discussed in Jin (1997), a system with a stable, periodic
oscillation in the absence of noise can become irregular with the addition of stochastic
forcing, and will present statistics that appear to be more stable. Chen et al. (2004)
provide retrospective forecasts of ENSO over a 148-year period and show that all
prominent ENSO events can be hindcasted at lead times up to two years (Fig. 1). Such a
long predictability is in better agreement with the self-sustained ENSO theory than the

stochastic theory, however it remains to be tested in the crucible of an actual forecast.

b. Decadal changes in ENSO and in mean state
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When the entire observational record is considered, many studies have pointed out that
there is a noted change in ENSO statistics over the past 100 years, including a decadal-
scale modulation in ENSO amplitude (Gu and Philander 1997) and ENSO’s phase-
locking to the annual cycle (Balmaseda et al. 1994). The change that has caught the most
attention took place in the mid 70s. Many have argued that the characteristics of ENSO
have changed after 1977, including its predictability (e.g., Balmaseda et al. 1994; Chen et
al. 1995). Model studies (Kirtman and Schopf 1998) have seemed to show that there is
the possibility of a relationship between the amplitude of ENSO cycles and the limit of its
predictability -- some decades may be much more predictable than others. In addition to
the low-frequency secular changes of ENSO, there is also evidence for a broad-scale
inter-decadal climate fluctuation over the Pacific sector with its phase transitions in 1925,
1947 and 1977 (Graham 1994; Trenberth and Hurrell 1994; Mantua et al. 1997; Minobe
1997; Zhang et al. 1997; Dettinger et al. 2000; Chao et al. 2000; and Mantua and Hare
2002; Deser et al. 2004). Some studies suggest that the low-frequency modulation of
ENSO and the inter-decadal fluctuation may be linked, as there appears to be notable
changes in ENSO statistics before and after the 1977 climate transition (e.g.Fedorov and
Philander 2000). More recent studies have cast some doubts on the linkage between the
two. Deser et al. (2004) show that the 1925 and 1947 phase transitions are not evident in
ENSO indices, even though the 1977 transition is (Fig.2). Yeh and Kirtman (2004a,b)
further argue, based on observational and modeling studies, that the Pacific inter-decadal
fluctuation is not related to the modulation of ENSO, suggesting that the two phenomena
are governed by different physical processes. We defer the discussion on the Pacific
inter-decadal fluctuation to the next section. Here we review some of the ideas that have
been put forward about the cause of ENSO irregularity and the dynamics of ENSO
predictability.

Some studies argue that the stochastically driven, damped ENSO system can exhibit
“decadal regime shifts” that resemble the observed ENSO amplitude modulation (Flugel
and Chang 1999; Thompson and Battisti 2001; Kleeman et al. 2003; Yeh et al. 2004;
Flugel et al. 2004), and thus propose that the stochastic ENSO mechanism should be
regarded as a null hypothesis for decadal modulation of ENSO.
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On the other hand, a number of recent studies (Timmermann et al. 1999; An and Jin
2000; Fedorov and Philander 2000; Fedorov et al. 2003; Urban et al. 2000; Wang and An
2001, 2002) propose that the low-frequency changes in ENSO can be attributed to
changes in the mean state of the coupled system. An implicit assumption built into this
proposal is that ENSO behavior is, to a large extent, controlled by the most unstable
coupled mode whose characteristics depend sensitively on the mean state of the coupled

system.

Using a simple coupled ocean-atmosphere model, Fedorov and Philander (2000)
explored the properteries of the most unstable coupled mode in the parameter space
spanned by the mean depth of thermocline depth H and the mean strength of the trade
wind stresses T. Their finding suggests that with a moderate change in H and/or =, the
dominant coupled mode can migrate from an SST-mode regime where the entrainment of
cold water across a shallow thermocline is a controlling factor in regulating SST to a
delayed-oscillator-mode regime where thermocline fluctuations induced by equatorially
trapped waves are a major factor in controlling SST changes (Fig. 3). The SST-type
modes reside in a state where the mean thermocline depth is shallow, so that entrainment
is effective in changing SST, whereas the delayed-oscillator-type modes reside in a state
where the mean thermocline is deep, so that SST changes require vertical movements of
the thermocline. Fedorov and Philander suggest that the present-day mean state of the
tropical Pacific will put ENSO in an area close to neutral stability. They went on to
further argue that the change in ENSO statistics during the 1980s and 1990s can be
attributed to the relatively warm conditions in the eastern tropical Pacific which is caused
by a weakening in the trade winds (a small decrease in t) and deepening in the
thermocline depth (a small increase in H). According to their stability analysis, such a
small change in the mean state is sufficient to alter the structure of the most unstable
mode, causing it to move closer to the delayed-oscillator type mode which tends to have
longer period (5 years) than that (3 years) of the SST-type mode. Kirtman and Schopf
(1998) argued that the decadal modulation in ENSO predictability can be attributed to the

fact that ENSO resides near the neutral stability boundary and external stochastic
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processes can move it above or below the stability boundary, causing changes in its
predictability. The predictability is shorter in the decades when ENSO is below the
neutral stability boundary than in the other decades when ENSO is above the neutral
stability boundary, because the cycle is damped in the former and self-sustained in the

latter.

Timmermann et al. (1999) and Collins et al. (2000) presented modeling evidence, based
on comprehensive coupled general circulation model simulations, that anthropogenic
greenhouse warming can have an influence on stability of the coupled system through
gradual change in the upper ocean stratification. In particular, these studies noted that
greenhouse gas induced warming can lead to an increase in mean stratification of the
upper equatorial ocean, which in turn leads to an increase in both the amplitude and
frequency of ENSO in the models. This finding contradicts earlier modeling studies that
suggest little or no change in ENSO behavior in response to anthropogenic greenhouse
warming (Tett 1995; Knutson and Manabe 1998). Insufficient ocean model resolution in
the earlier modeling studies was partly blamed for the different model response
(Timmermann et al. 1999). The results of the recent model studies are also consistent
with a coupled model sensitivity study by Meehl et al. (2001) which shows that a lower
vertical diffusivity yields a greater ENSO variability, because of the sharper and less

diffused thermocline.

Kirtman et al. (2004) used a new coupled general circulation model (CGCM) coupling
strategy, called an interactive ensemble procedure (Kirtman and Shukla 2002), to reduce
the impact of internal atmospheric variability on coupled ENSO dynamics. This
approach allows a test of the stochastic ENSO hypothesis within a comprehensive
coupled system framework. Kirtman et al. (2004) reported that in their CGCM there are
well-defined areas in the western tropical Pacific where the coupled variability cannot be

explained by the stochastic ENSO theory.

The view that ENSO is inherently nonlinear and chaotic has led to investigations that

the decadal variation in ENSO may arise from a nonlinear, internal source. A number of
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investigators (Burgers and Stephenson 1999; Jin et al. 2003; An and Jin 2004) point out
the fact that the probability distribution function (PDF) of ENSO related SST anomalies
is skewed to the positive value, which can not be explained by the linear theory. In
particular, there seems to be more warm ENSO events than cold events in the past two
decades, including the two most intense El Nifio episodes in 1982/83 and 1997/98
(Fedorov and Philander 2000). Timmermann et al. (2003), based on a theoretical ENSO
model, proposed a nonlinear bursting mechanism for the occurrence of extreme EIl Nifho
events and suggested that the nonlinearities in the tropical heat budget can contribute to
El Niho decadal amplitude changes. An and Jin (2004) analyzed the upper ocean heat
budget of the NCEP ocean data assimilation (Ji et al. 1995; Behringer et al. 1998;
Vossepoel and Behringer 2000) and the simple ocean data assimilation (SODA) product
(Carton et al. 2000) and found that nonlinear vertical and zonal oceanic advection act to
enhance the amplitude of warm ENSO episodes and reduce the amplitude of cold ENSO
episodes, resulting the warm-cold asymmetry. They further argued that the nonlinear
heating induced changes in ENSO amplitude have a rectification effect on the climate
mean state (Jin et al. 2003). Rodgers et al. (2004) have examined decadal variability in a
coupled GCM, and find that the decadal changes in the mean state may not be discernable
from residuals in the statistics. Schopf (2004) presents a pure kinematic argument to
explain ENSO asymmetry and residual effect on the mean state without invoking changes
in stability of coupled system. This study raises an interesting question: Do changes in

the amplitude of ENSO necessarily imply changes in the stability of coupled system?

Parallel to the theoretical debate on whether there is a linkage between changes in
ENSO statistics and changes in mean state, there is a lack of agreement from
observational analyses on this issue. Some studies report findings that support the
modeling and theoretical results, while others do not. For example, Urban et al. (2000)
presented an analysis based on a 155-year ENSO reconstruction from a central tropical
Pacific coral and found that there is a tendency for ENSO frequency to shift from a
shorter-period (less than 3 years) to a longer period as the mean state becomes warmer
from the mid-late nineteenth century to the present. Solow and Huppert (2003), on the

other hand, performed a test on the evolutionary spectral analysis of a century-long sea-
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level pressure time series at Darwin, as well as the Nino-3 SST time series, and found
that local variations in ENSO over the past century are not inconsistent with overall
stationarity. Cobb et al. (2003) pieced together a fossil-coral record over the past 1,100
years and found no consistent evidence that variations in ENSO statistics are linked to
changes in mean climate conditions in the tropical Pacific. Some of the inconsistencies
may reflect the fact that the dominant fluctuation patterns at decadal or longer time scales
are different from those associated with the low-frequency modulation of ENSO, as noted
recently by Deser et al. (2004) and Yeh and Kirtman (2004a,b). Clearly, there is a need
to continue scrutinizing the existing instrumental and paleo-proxy data sets for further
evidence of possible relationship between variations in ENSO and changes in the mean
state. While the search for this relationship continues, there is considerable interest in
developing a thorough understanding of the role of the tropical ocean in interdecadal or
longer-term fluctuations of the coupled mean state, as these changes can have an impact
on global climate, even if they are not directly linked to ENSO. In the following section,
we review some of key aspects concerning the role of the ocean in low-frequency

changes of tropical mean state.

c. Role of the ocean in tropical mean climate

1) SUBTROPICAL CELLS AND EQUATORIAL THERMOCLINE VARIABILITY

Two of the key features of the tropical oceans that hold primary interest for climate
study are the sharp thermocline and the "cold tongue" of surface waters along the equator
at eastern side of the ocean basins. This latter feature is prominent in the Pacific, and
seasonally apparent in the Atlantic. It is a manifestation of the surfacing of the
thermocline in the east. The structure of the thermocline affects the sensitivity of the
surface temperature to the subsurface ocean variability, which in turn affects the coupling
between the ocean and atmosphere. Simple models for ENSO have shown sensitivity to
the sharpness and tilt of the thermocline, and a growing body of literature has developed
around the issue of how the mean conditions of the thermocline may be altered on longer

time scales.
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The equatorial thermocline is now understood to connect to the subtropical thermocline
through a circulation system known as the subtropical cells (STCs) or shallow
overturning circulation. The "canonical" zonal-average picture of the STC circulation
shows that subducted water from the subtropical gyres flows towards the equator at
depths of about 100-400m, feeds into the Equatorial Undercurrent (EUC), upwells in the
eastern equatorial region and returns to the subtropics in the surface layer. Sea-surface
temperature distributions reflect this circulation pattern: the SST is much colder in the
eastern equatorial region where upwelling prevails than in the western basin. This
circulation system can respond to changes in atmospheric conditions not only within the

tropics, but also in the extratropics.

This overturning flow occurs in the presence of a complex upper ocean circulation
system. In the tropical Pacific and Atlantic the circulation is characterized by alternating
bands of eastward and westward flowing currents: a narrow eastward surface current —
the North Equatorial Countercurrent (NECC) — between 3N and 10N, the two broad
westward surface currents — the North and South Equatorial Currents — to the north of
10N and to the south of 3N, respectively, and a swift subsurface jet — the EUC —
centered at the equator over a depth of approximately 150 m and a width of

approximately 300 km.

The fundamental dynamics of the STC circulation was set forth by McCreary and Lu
(1994). Their theoretical and modeling studies demonstrated the connection between the
ventilated thermocline theory (Luyten et al. 1983), used to describe the sub-tropical
thermocline gyres, and the supply of water to the equatorial cold tongue. They provide a
description of a shallow circulation driven by wind stress curl and a specification of the
surface density field. Since the net Ekman flow across the equatorward side of the
subtropical gyres is poleward, the subsurface geostrophic flow must have a net flow
toward the equator. Together with the work of Lu et al. (1998), these models point out
consequences of the beta effect and the large scale wind curl as causing a net

convergence of relatively cold water into the equatorial belt. In these theories, the
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subducted water is presumed to flow in an essentially geostrophic, adiabatic fashion, with
water mass transformation only possible when the flow is in contact with the near surface
layers. Therefore, the net convergence of cold subducted water would imply that this
water must emerge at the surface within the tropics. With the mean easterly Trade winds,
the necessary upwelling conditions apply at the eastern end of the equator, along the
American coasts, and in a few isolated regions such as the Peru upwelling and the Costa
Rican dome (Umatani and Yamagata 1991; Kessler 2002b). (McCreary and Lu provide
some intriguing examples of how the circuit of cold water can be completed off the
equator even if no equatorial winds are available to cause upwelling). Some leakage of
northern hemisphere thermocline water through the Indonesian throughflow is accounted
for in the Lu et al work, and has been quantified in diagnostic models (Blanke et al.

2001).

Further studies with more complex ocean circulation models have investigated the
source waters of the equatorial undercurrent or equatorial cold tongue (Harper 2000;
Huang and Liu1999; Malanotee-Rizzoli et al. 2000; Rodgers et al.2003; Fukumori et al.
2004), and are largely in agreement that the source waters of the equatorial undercurrent
and equatorial cold tongue lie well within the subtropical gyres. Observations support the

canonical view of the STCs (Johnson and McPhaden 1999; Rothstein et al.1998).

With the STC circulations connecting the sub-tropics with the equator, it became a
question of interest as to whether anomalies could be propagated from the subtropics to
the equator and thereby influenced ENSO. Small changes in the transport of properties
along the STCs could lead to changes in the equatorial thermocline and, as dicsussed

previously, alter the stability properties of the ENSO system.

From the climate perspective, the ventilated thermocline theory is limited by its focus
on the ocean. To make a description of the STC flow, both the wind stress and the
surface density patterns must be specified. Altering either will induce changes to the STC
that may be reflected in a changed structure in the equatorial thermocline. Early work

examined the subduction of temperature anomalies onto the mean STC circulation (Gu
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and Philander 1997). This concept drew upon the observational work by Deser et al.
(1996), showing extratropical temperature anomalies appearing to propogate
equatorward. Further modeling studies elucidated the concept that anomalies that have a
signature in potential density will not simply flow along the isopycnals, but will
propagate as planetary waves via undulations of isopycnals (Lysne et al. 1997; Huang
and Pedlosky 1999; Liu 1999a, b). An exception to this behavior is found if the
temperature anomalies are compensated by salinity, so that they remain on isopycnal,
forming “spiciness” anomalies. The “spiciness” anomalies may be advected by the mean
STC circulation (Schneider et al. 1999; Schneider 2000; Zhang et al. 2001; Yeager and
Large 2004). A second mechanism for STC-induced variability hypothesizes that
changes in the wind stress curl patterns alter the strength of the STCs. They may undergo
decadal variations which cause changes in the equatorial thermocline by affecting either
the upwelling rate or the relative supply of colder or warmer water (Kleeman et al. 1999;
Klinger et al. 2002; Nonaka et al. 2002). Figure 4 provides a conceptual sketch of a
zonally averaged view of the mechanisms proposed by Gu and Philander (1997) and
Kleeman et al. (1999). Both mechanisms have been extensively studied in models of the
Pacific, although no resolution has been reached. Some studies suggest that oceanic
teleconnections are not efficient enough to cause modulations in the tropics (Schneider et
al. 1999; Hazeleger et al. 2001) and others suggest that oceanic teleconnections seem to
be working in the Southern Hemisphere (Chang et al. 2001; Giese et al. 2001; Bratcher
and Giese 2002).

With the TAO array and the extensive measurement programs in place for ENSO
prediction, McPhaden and co-workers have been able to quantify the changes in the STCs
over the past several decades. Zhang et al. (1999) noted that the STC strength had been
spinning down over the past 30 years, and that this could cause a warming in the eastern
Pacific. More recent measurements (McPhaden and Zhang 2004) indicate that the
circulation has rebounded. The conclusions of McPhaden and Zhang are based on the
understanding that the interior cross-gyre flow is geostrophic and large scale. What
remains to be examined is whether there is compensation for the equatorward flow in the

western boundary current systems.
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The work on STCs has largely focused on understanding the mechanisms for its
variability and the understanding of its dynamics. It has been somewhat taken for granted
that the changes induced in the equatorial structure will lead to a modification in ENSO,
altering its amplitude, predictability or frequency. Actual demonstration of this
connection remains to be made or observed. One counter suggestion has been made
using model studies. Yeh and Kirtman (2004b) obtained model results that exhibit (at
least) two modes of decadal variability in the Pacific. One has a high pattern correlation
with the observed decadal changes seen by McPhaden and Zhang (2004) (Fig. 5 and Fig.
6), but is not correlated with changes in ENSO variance over time. A second mode
correlates well with the amplitude of ENSO (Fig. 6), but has a spatial pattern more akin
to the residual modes described by Rodgers et al. (2004). One possible view of the
situation is that the low frequency variations in the STCs generate a broad tropical
response in the upper ocean, but these do not lead to significant changes in ENSO. At the
same time decadal variation of ENSO may arise as a stochastic process (as in Flugel et al.
2004, and other works above) that exhibits the residual effect described by Schopf
(2004).

2) MAINTENANCE OF THE EQUATORIAL THERMOCLINE

Continuing beyond the consideration of decadal changes, the examination of the role of
the tropical ocean in long-term mean climate requires further study of STCs and their
details. Investigators have begun to examine the basic structure of the shallow
overturning and its relation to the general circulation of the atmosphere. If the concept
that the STCs form an isolated cell in the upper ocean is correct, then these circulations
connect the two largest heat sources and sinks in the Pacific - the equatorial cold tongue
and the region of the Kuroshio off Japan. The heat transport by the shallow circulations
has been examined by Held (2001), and Klinger and Marotzke (2000). Water in the mid-
latitudes approaches thermal equilibrium with the atmosphere before being subducted and

sequestered away from the heat fluxes at the surface. This water is then brought back to
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the surface at the equator. The circuit of flow from cool mid-latitude to the equator acts
as a strong conductor, linking the equator to the region of subduction. Boccaletti et al.
(2004) frame the problem in a slightly different fashion, but also find that the connection
between the heat gain in the ocean in the equatorial cold tongue and its return to the
atmosphere in the subtropics is strong. This implies that a large component of the net

heat transport by the ocean is accomplished by the STCs.

In the simplest view of the STCs as ventilated thermocline pathways complemented by
surface poleward flow, the subsurface flow was envisioned as adiabatic and geostrophic,
leading the concept of "potential vorticity pathways". If the flow were indeed adiabatic,
then some part of the equatorial cold tongue should appear significantly colder than it is.
Closer examination of model results indicates that substantial diapycnal transformation is
occurring along the flow (Rodgers et al. 2003). The model studies of Boccaletti et al.
(2004) demonstrate that increasing the background thermal diffusivity within the ocean
has a strong impact on the heat transport as well as the overall structure of the cold
tongue. The McCreary and Lu (1994) view of the STC envisions water beneath the
thermocline that does not surface in the tropics. It must connect relatively cold waters
from the sub-polar gyres from one hemisphere to the other. Such a layer need not
transport any heat, but can be in simple thermal equilibrium with the atmosphere in the
higher latitudes. In the presence of diapycnal mixing, however, this water will cool the
lower limb of the STC, having the practical effect of connecting the equatorial surface
water to latitudes further poleward than the adiabatic STC theory would indicate. Much
of this mixing occurs in the highly-sheared regions above and below the equatorial
undercurrent, but significant diapycnal mixing is also indicated along the pathways
between subduction and equatorial region where the flow returns to the surface. The
physics of mixing in models is still not reliable enough to quantify the role of along-path
mixing, and the wide variety of model representations of the role of the STCs testifies to
the sensitivity of models to their vertical diffusivities. A major model development task

in CLIVAR is to improve and verify these subtle, but far-reaching, parameterizations.
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One of the most important and vigorous regions of diapycnal conversion in the open
ocean is in and around the equatorial undercurrent. Upwelling transport into the upper
layer of the east-central Pacific appears to balance the Ekman divergence across +5°
latitude, about 30-50 Sv. Part of this transport flows eastward along upward-sloping
isopycnals, but there is a significant diapycnal conversion, in which thermocline water
flowing into the region at temperatures of 18-24°C is warmed to flow out meridionally at
temperatures 5°C or so higher, a heat gain on the order of 50-80 W/m* (Bryden and
Brady (1989); Weisberg and Qiao 2000; Meinen et al. 2001). This entrainment occurs as
the surface gains heat through solar shortwave radiation that is spread downward into the
upper thermocline by turbulent mixing. Although the turbulent mixing processes have
been the subject of many studies (see Gregg 1998 for a review) the details and
mechanisms of these, and how they may be represented in ocean circulation models is not

well understood.

The picture of STC circulation is further complicated by an asymmetry between the
northern and southern hemispheres and the involvement of low latitude western boundary
currents in the circuit. The bias of the atmospheric inter-tropical convergence zone
(ITCZ) to lie in the northern hemisphere imprints a narrow band of anomalous potential
vorticity across the Pacific around 10N. This forms a "PV barrier" that causes the
equatorward flow of the thermocline water to divert towards the western boundary. In
the southern hemisphere, no such barrier exists, and the flow to the equator is potentially

much more direct (see, for example, Johnson and McPhaden 1999).

Detailed surveys of the processes within the low latitude western boundary currents
have not been made, particularly an examination of whether and how significant
diapycnal mixing might occur. An intriguing feature of the western boundary current is
that the bifurcation from southward to northward flow is not barotropic, but tilts with
depth, as first noted by Reid and Arthur (1975). As noted by Pedlosky (1996), a
complete theory for the western boundary current bifurcation is not yet in hand.
McCreary and Lu (1994) offer a discussion of the western boundary bifurcation in a 2.5

layer reduced gravity model, but a more complete treatment is lacking. Geostrophic
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calculations based on historical data indicate that in the mean the bifurcation shifts from
about 13N near the surface to at least 18N at depths around 1000 ml@nd from about 15S
to atllbastlOS in the South Pacific[Qu and Lindstrom 2002).[This tilt variesWith time.O
On seasonal time scales,ihe NECMas a northernmost@ifurcation in winter and a
southernmost bifurcation in summer Qu and Lukas (2003).0Although there are no
sufficient data for analyzing the interannual variation,[tesultsdkom high-resolution GCM
suggest that the NEC has a northernmost bifurcation during El Nifio years and a
southernmost bifurcation during La Nina years (Kim et al. 2004).[The variation in the

South Pacific is not known at this point.
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3. Tropical Atlantic Variability (TAYV)

The dominant climate fluctuations in the tropical Atlantic sector seem to include two
distinctive patterns associated with the year-to-year variation in the annual migration of
the Atlantic marine ITCZ complex. These two patterns manifest themselves most clearly
during the two seasons when the Atlantic ITCZ moves furthest south during the boreal

spring (March-April) and furthest north during the boreal summer (June-August):

During boreal spring the warmest SSTs appear in the deep tropics and maximum
seasonal precipitation moves to the western equatorial Atlantic and the adjacent land
region of tropical South America. During this season the anomaly of rainfall from its
seasonal cycle is characterized by a dipolar pattern across the thermal equator, as shown

by the leading EOF of the March-April rainfall anomaly (Fig. 7).

Correlated with this precipitation anomaly is an anomalous meridional SST gradient
and cross-equatorial winds. These correlations reflect a dynamically consistent situation
where a stronger than normal northward SST gradient drives northward cross-equatorial
winds with weaker than normal trades in the north and stronger than normal trades in the
south. Precipitation and SST are below normal on the southern flank of the
climatological ITCZ position and above normal to the north. This circulation pattern
implies a weakening and northward shift of the ITCZ towards the warmer hemisphere.
Because the coupled variability in this pattern exhibits a north-south contrast, it is often

refered to as the “meridional mode” of variability (Servain et al. 1999).

The SST anomaly associated with the meridional mode also forces precipitation
anomalies on neighboring continents. Indeed, Wallace et al (1998) assert that the link
between rainfall over northeast Brazil and the meridional mode is the most robust signal
outside of tropical Pacific Ocean. For more discussion of the impact of the meridional

mode, readers are refered to Marshall et al. (2001) and Xie and Carton (2004).
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During boreal summer a cold tongue of SST develops in the equatorial eastern Atlantic
Ocean, while the ITCZ moves to its northernmost position, extending over the adjacent
land region of West Africa. The leading EOF of precipitation during this season shows
an anomaly pattern that is maximum along the northern coast of the Gulf of Guinea. The
corresponding anomalous pattern of SST is maximum in the eastern basin with a

convergent pattern of equatorial trade winds (Fig. 7).

The coupled pattern described above bears a certain resemblance to the Pacific ENSO,

~ 2"

it is often referred to as the “Atlantic Nino

Hisard 1980; Zebiak 1993; Carton and Huang 1994; Ruiz-Barradas 2000). Here, we

mode or the “equatorial mode” (Merle 1980;

simply refer it to as the “zonal mode’” of the tropical Atlantic. However, it is important
to note that the relationship of the zonal mode to the annual cycle of SST differs
markedly from ENSO. The differences, discussed below, hint that the processes involved
may be quite different, despite of the similarity in their appearance. Incidentally,
Giannini et al. (2003) recently made a distinction between the rainfall pattern associated
with this coupled mode and the rainfall variability over the semi-arid Sahel between 10°N
and 20°N. The former has an interannual timescale and owes its existence largely to
equatorial SST variability, while the latter varies on interdecadal timescales and

represents an internal mode of the African summer monsoon variability.

South of the equator along the western coast of Africa warm and cold episodes occur
that are confined to the coastal zone of Angola and Namibia (Shannon et al. 1986;
Gammelsrgd et al. 1998, Florenchie, et al., 2004). These episodes, referred to as
Benguela Ninos/Nihas, occur following some, but not all extrema of the equatorial zonal
mode (for example, in year 1984) and have an effect on regional rainfall variability

(Rouault et al. 2003) and fish distribution and abundance (Boyer et al. 2001).

a. Coupled air-sea feedbacks in TAV

The meridional mode involves off-equatorial SST changes. These SST changes are

intimately linked to changes in surface heat fluxes, particularly latent heat flux, as shown
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by a large number of observational and modeling studies (e.g. Carton et al. 1996). This
linkage gives rise to the Wind-Evaporation-SST (WES) feedback mechanism (Xie and
Philander 1994) which is inherently a tropical mechanism. The feedback works as
follows: Imagine that a small change in hemispheric SST gradient is introduced. The
atmosphere will respond with a change in meridional pressure gradient through
hydrostatic adjustment of the atmospheric boundary layer (Lindzen and Nigam 1987;
Hastenrath and Greischar 1993) as well as mid-tropospheric diabatic heating, which
together drive a cross-equatorial boundary layer flow, changing the meridional position
of maximum surface wind convergence and therefore the ITCZ. The anomalous cross-
equatorial flow is deflected by the Coriolis force in the Southern and Northern
hemispheres in such a way that it increases the wind speed over the hemisphere where a
negative SST anomaly exists, cooling it further through surface evaporation, and it
decreases the wind speed over the hemisphere where a positive SST anomaly exists,
warming it further. The net effect is a positive feedback on the original SST anomaly
(Chang et al. 1997). The weakness of the feedback (a few W/m?) implies that this
mechanism must have long timescales. In the tropical Atlantic, the WES feedback

mechanism is a defining characteristic of the meridional mode.

There is growing observational evidence supporting WES feedback in the development
phase of the meridional mode (Ruiz-Barradas et al. 2000; Chiang et al. 2002; Czaja et al.
2002; Kushnir et al. 2002; Frankignoul et al. 2004). Atmospheric GCMs have also been
used to test the WES hypothesis by examining the response of the GCMs to SST forcing
(Chang et al. 2000; Sutton et al. 2000; Okumura et al. 2001; Terray and Cassou 2002).
Nearly all the GCMs show a cross-equatorial circulation pattern in response to a
hemispheric SST gradient in the deep tropics, as in the observations. However, the
surface heat flux response is more perplexing. While some models show a positive
thermodynamic feedback in the deep tropics (e.g., Chang et al. 2000; Saravanan and
Chang 2004), others show a negative feedback (e.g., Sutton 2000). Wang and Carton
(2003) and Frankignoul et al. (2004) compared different atmospheric and coupled GCM
simulations of TAV and discuss the difficulties faced by current GCMs in reproducing

the WES feedback. Besides WES, there seem to be additional feedback mechanisms that
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act between SST and clouds (Wang and Enfield 2001; Tanimoto and Xie 2002). Lack of

reliable surface heat flux measurements has prevented a rigid test of these hypotheses.

In contrast to the thermodynamic meridional mode, the underlying feedback in the
zonal mode, like the Pacific ENSO mode, is thought to be the dynamical Bjerknes
mechanism (Bjerknes 1969). In contrast to ENSO, however, compelling evidence is less
forthcoming. This is partly because the Atlantic signal is much weaker and less coherent
than Pacific ENSO. The first well-documented SST-wind relationship was probably
provided by Merle (1980) for the 1963 warm event, one of strongest warm events on the
record. The connection between changes in the trade winds and SST was confirmed by
Servain et al. (1982) in a statistical analysis. The warm event that occurred in 1984 also
received considerable attention because it coincided with the SEQUAL/FOCAL program
which provided an extensive array of subsurface ocean measurements. The studies that
focused on this event (discussed later) revealed some similarity in SST, winds,
convection, and upper ocean circulation anomalies to those during an El Niho. But again
the short observational record prevented a robust analysis of the relationship between

SST and the atmospheric response.

A comprehensive investigation was carried out by Zebiak (1993) who contrasted the
statistical relationship between the surface wind stress and SST for Pacific ENSO to that
for the Atlantic zonal mode using historical observational data sets. The study showed
that although there is a common overall SST-wind relationship between the two oceans in
the sense that for either ocean, the appearance of coherent warm (cold) SST anomalies
coincides with westerly (easterly) changes in zonal wind to the west, there are important
differences (Fig. 8). These differences include 1) the correlation between the zonal wind
and equatorial SST anomaly is considerably lower in the tropical Atlantic than in the
Pacific (0.4 vs. 0.7), while the correlation between the meridional wind in the vicinity of
the ITCZ and equatorial SST anomaly remains comparable in both oceans (0.5 vs 0.6); 2)
the spatial correlation structure between the zonal wind and SST anomaly is narrower in
the tropical Atlantic than in the tropical Pacific; 3) the coherence between equatorial and

eastern coastal SST is much less in the Atlantic and the zonal wind variability is
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displaced proportionally farther to the west in the basin than in the Pacific; 4) while in
the Pacific, the ENSO related SST anomalies in the eastern and central basin tend to vary
out of phase with those in the western basin, the SST anomalies associated with the
Atlantic zonal mode tend to vary together at all longitudes with nearly equal amplitude
(although an eastward shift of thermocline water is evident); 5) in the Pacific, the zonal
wind anomaly appears to migrate eastward during an ENSO event, whereas in the
Atlantic, there is no migratory component to the zonal wind variability and the strongest
variability is situated in the western portion of the basin as opposed to the interior basin
in the Pacific ENSO. The more recent study by Ruiz-Barradas et al. (2000) employed a
joint ocean-atmosphere analysis based on NCEP and SODA reanalysis data sets to further

validate the statistical relationship revealed by Zebiak (1993).

Recent atmospheric GCM studies (Chang et al. 2000; Sutton et al. 2000; Okumura and
Xie 2004; Frankignoul et al. 2004) show that during boreal summer the atmosphere does
respond to equatorial Atlantic SST anomalies in a manner that is consistent with the
Bjerknes feedback, even though the details are different in different models. These
studies further confirmed that in spite of the relatively weak SST perturbations in the
equatorial Atlantic, the atmosphere is capable of generating a wind response that can
potentially trigger a positive feedback along the equatorial waveguide following the
Bjerknes mechanism. However, whether such a positive feedback can sustain itself
depends on whether the subsurface ocean response is strong enough and whether this
subsurface response can induce a sizable change in SST. This oceanic aspect of the

Bjerknes feedback in the tropical Atlantic is less well-established.

b. External sources of atmospheric influences

Because the coupled feedbacks involved in TAV are much weaker than those in ENSO,
external influences are likely to play an important role. At least two external sources of
influences on the meridonal mode have been proposed: Pacific ENSO and the NAO.
Both of these phenomena peak during the boreal winter. One common mechanism

through which they exert their influences on TAV is by altering the strength of the
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northeasterly trade winds in the northern Tropical Atlantic, which in turn causes changes
in the surface latent and sensible heat fluxes. The altered heat flux then forces the ocean

mixed layer to produce a maximum SST response in the boreal spring.

The existence of a statistical relation in boreal spring between ENSO and the tropical
Atlantic has been noted for some time now (e.g., Covey and Hastenrath 1978; Aceituno
1988; Enfield and Mayer 1997; Giannini et al. 2000; Mestas-Nunes and Enfield 2001;
Alexander and Scott 2002). The most significant influences of El Nifio in the tropical
Atlantic sector include: 1) a zonal seesaw in sea level pressure between the eastern
equatorial Pacific and Atlantic Oceans during the onset and peak phase of ENSO, with a
high sea level pressure anomaly in the northern tropical Atlantic, 2) a weakening in the
meridional sea level pressure gradient between the North Atlantic subtropical high and
the ITCZ accompanied by weaker-than-average northeasterly trades, 3) a warming of
SST during boreal spring following the mature phase of ENSO, and 4) a north shift of the
ITCZ and a decrease of rainy season precipitation in northeastern Brazil. Some of these
features are shown in Fig. 9a. However, the detailed dynamical processes responsible for
setting up this ENSO remote influence are still not entirely clear. Among the proposed
mechanisms are a tropical mechanism via anomalous Walker circulation (Klein et al.
1999; Giannini et al. 2000; Saravanan and Chang 2000; Chiang and Sobel 2002; Huang
et al. 2002) and an extratropical mechanism via a stationary Rossby Wave train
teleconnection pattern (e.g., Wallace and Gutzler 1981; Horel and Wallace 1981; Hoskins
and Karoly 1981; Giannini et al. 2000).

A more recent study by Giannini et al. (2004) suggests that ENSO does not passively
exert its influence on the tropical Atlantic, but rather interferes actively with coupled air-
sea feedbacks in the region. When, in seasons prior to the mature phase of ENSO, the
air-sea feedback in the tropical Atlantic happens to be evolving consistently with the
expected development of the ENSO teleconnection, ENSO and TAV act in concert to
force large climate anomalies in the region. When it happens to be evolving in opposition
to the canonical development of ENSO, then the net outcome is less obvious and less

predictable. Giannini et al. call this the “preconditioning” role of TAV in the
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development of the ENSO teleconnection. These constructive and destructive
interferences between ENSO and TAV have been shown by Barriero et al. (2004) to have
an important consequence on the seasonal predictability of boreal spring climate

condition in the tropical Atlantic sector.

In terms of ENSQO's influence on the zonal mode, reports from existing literature are
inconsistent. On the one hand, some observational analysis (e.g. Zebiak 1993, Enfield
and Mayer 1997) finds no statistical evidence for linkage between the SST variability of
Pacific ENSO and the Gulf of Guinea, suggesting that the coupled variability in the
equatorial Atlantic is largely independent of ENSO. On the other hand, the modeling
study by Latif and Barnett (1995) suggests that Pacific ENSO does influence the eastern
equatorial Atlantic through an adjustment of the entire tropical Walker cell. There is
some evidence that certain events in the equatorial Atlantic are indeed linked to strong
ENSO events. For example, Delecluse et al. (1994) and Carton and Huang (1994)
showed that the strong 1984 warming in the eastern equatorial Atlantic resulted from the

zonal wind anomaly related to the severe 1982-83 ENSO.

One reason that the zonal mode appears to be less affected by the remote influences
than the meridional mode may be related to the different seasons to which these two
phenomena are phase-locked. The fact that the equatorial mode appears primarily in the
boreal summer makes it difficult for ENSO and the NAO to have a direct influence on it,
because both of these phenomena peak in the boreal winter. This, however, raises the
question whether the zonal mode is related to the variability in the Southern Hemisphere.
Only a few recent studies (Venegas et al. 1997; Wu and Liu 2002; Sterl and Hazeleger
2003; Barriero et al. 2004) have begun to investigate this issue.

The notion that the NAO can have an impact on TAV can be traced back to at least
Namias (1972) who pointed out that increased cyclonic activity in the Newfoundland area
is related to abundant rainfall in the Nordeste. Studies that followed show that the NAO is
correlated with a tripole pattern of SST anomalies over the North Atlantic in boreal

winter/spring. This pattern of SST arises primarily from the oceanic response to month-
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to-month atmospheric fluctuations associated with the NAO (e.g., Seager et al. 2000).
The southernmost lobe of the SST tripole reaches down into the subtropics/tropics of the
north Atlantic, potentially affecting the coupled variability in the deep tropics. There
appears to be little dispute that the NAO is one major source of external influence on
TAYV and the former exerts its influence on the latter through modulating the intensity of
the semi-permanent subtropical high pressure system centered around 40°N over the
North Atlantic, which in turn affect the northeasterly trades and the latent heat release at
the ocean surface (Fig. 9b) (Xie and Tanimoto 1998; Chang et al. 2001, Czaja et al. 2002,
and Kushnir et al. 2002).

There is, however, disagreement on the extent to which the NAO can affect TAV:
Is the deep tropical variability simply a mirror image of the changes in the strength of the
subtropical high? Or does the NAO merely play a role in exciting TAV whose evolution
is also influenced by the coupled feedback in the deep tropics? Czaja et al. (2002) argue
that the SST variability within the latitudinal band of 10°N-20°N can be largely explained
as the passive response of a slab mixed layer ocean to changes in wind-induced latent
heat flux associated with fluctuations in the subtropical high, without the need to invoke a
significant role for local air-sea feedback. Others (e.g., Xie and Tanimoto 1998; Chang
et al. 2001 and Kushnir et al. 2002) reason that the local feedback is essential in
maintaining an organized deep tropical response that consists of a strong cross-equatorial

wind and a cross-equatorial SST gradient during the boreal spring.

Some of the disagreements between these two schools of thought are probably due to
the different emphasis in each of these studies. Czaja et al. (2002) place their emphasis
on NAOQO's influence on SST variability between 10°N and 20°N in the NTA, while others
focus their attention on the cross-equatorial SST gradient variability in the deep tropics.
In fact, Czaja et al. did hint at the existence of the WES feedback in their observational
analysis (see Fig. 9a), but concluded that the feedback is too far south to have a
significant impact on the evolution of the NTA SST variability. The other differences are
more fundamental, and lie very much at the heart of controversial debate on whether

TAV can have a remote influence on the NAO, or the latter only involves dynamic
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processes local to the mid- to high-latitude regions. The interested readers are referred to

recent reviews by Kushnir et al. (2004) and Xie and Carton (2004).

c. Role of the ocean in TAV

1) TROPICAL OCEAN PROCESSES

The pronounced seasonal variation of the tropical Atlantic Ocean circulation is, at least
partially, responsible for the distinct seasonal manifestation of TAV on seasonal-to-
interannual time scales. During the boreal winter/spring, entrainment cooling is weak
and the averaged mixed layer depth within the deep tropics is shallow, making the mixed
layer temperature highly sensitive to surface heat flux perturbations. It is during these
seasons that the wind-induced latent heat flux, via either remote influences or local
feedback, is most effective in producing SST anomalies in the tropical Atlantic. In
addition, during the boreal spring nearly uniform warm SSTs cover the entire tropical
Atlantic. This makes the underlying atmosphere highly sensitive to small cross-
equatorial perturbations (Chiang et al 2002), and thus the meridional mode tends to
dominate TAV during this season. Enfield et al. (1999) report a marginally significant
coherence with an antisymmetric phase only during this season. During boreal summer
seasonal entrainment is at its maximum, the thermocline is the shallowest in the
equatorial eastern Atlantic with a strong zonal gradient of SST and strong equatorial
trades. This oceanic setting makes it highly favorable for dynamic interaction between
the zonal wind and SST along the equator, and thus the zonal mode appears to be more

dominant.

The evolution of the meridional mode can be described in three phases: 1) initiation
phase, 2) development phase, and 3) decay phase. The initiation phase typically begins
in the boreal winter during which both ENSO and NAO are at their peak. As previously
mentioned, the latent heat flux change induced by the change of the northeasterly trade
winds provides the major source of forcing for the northern tropical Atlantic SST. The

SST response can be roughly described by a 1-D mixed layer driven by surface heat
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fluxes as the seasonal entrainment cooling begins to weaken and the mixed layer depth
begins to shoal. The development phase usually takes place in the boreal spring when the

entrainment cooling diminishes and the mixed layer depth is at its seasonal minimum.

During this phase, the thermodynamic feedback between surface heat flux and SST,
such as WES, can further enhance the SST signal, causing the development of a strong
anomalous cross-equatorial SST gradient. The role of subsurface ocean dynamics
appears to be rather passive and does not seem to have a major impact on SST. This was
first demonstrated by Carton et al. (1996). Alexander and Scott (2002) show that an
atmospheric GCM coupled to a 1-D ocean mixed layer model is capable of capturing
some of basic features of the observed SST evolution associated with the remote
influence of ENSO during boreal spring. Chang et al. (2003) conducted ensembles of
seasonal predictions using NCAR's CCM3 coupled to a slab ocean by initializing the
model with observed SST in December and found that the simple coupled model was
quite skillful in forecasting boreal spring SST anomalies in much of the north tropical
Atlantic. Subsequent analyses of these experiments by Saravanan and Chang (2004) and
Barreiro et al. (2004) show that the high skill of the model comes from the combined
effect of local thermodynamic coupling and the remote influence of ENSO. Collectively,
these recent studies lend strong support to the view that the formation of the meridional
mode during the boreal spring results from remote atmospheric influences and regional
thermodynamic feedbacks, both of which can be captured by a simple 1-D mixed layer

ocean.

One exception to this is the coastal region in the vicinity of the Guinea Dome where
simple mixed layer models consistently underestimate the strength of the SST variability
(Alexander and Scott 2002; Barriero et al. 2004). The OGCM study of Carton et al.
(1996) show that the SST variability does depend on alongshore fluctuations in wind
stress via coastal upwelling. Visbeck et al. (1998) and Chang et al. (2001) show that
much of the SST variability in this region is related to the NAO-induced fluctuations in

the northeasterly trade winds which affect the SST through changing the surface latent
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heat flux and upwelling. The relative importance of the heat flux-induced and upwelling-

induced SST changes has not been quantified.

Ocean dynamics are likely to play a more important role during the decay phase of the
meridional mode, which occurs during the boreal summer when the southeasterly trade
winds begin to regain their strength and the seasonal entrainment cooling is rapidly
developing. The seasonal deepening of the mixed layer makes surface heat fluxes a less
effective influence, while the shoaling thermocline in the eastern equatorial Atlantic
makes the subsurface ocean processes more tightly coupled to the surface processes.
Experiments with an AGCM coupled to a slab ocean indicate that without active ocean
dynamics the thermodynamic feedbacks tend to exaggerate the coupled variability (e.g.,
Saravanan and Chang 2004; Barriero et al. 2004), suggesting that the role of the ocean in
the tropical Atlantic is mainly damping, thereby providing a negative feedback to

counteract the thermodynamic air-sea feedback.

There are three potential mechanisms through which this negative feedback can be
achieved: 1) transport of temperature anomalies by the mean circulation (e.g. Chang et al.
1997, 2001, Seager et al. 2001) and by surface Ekman flow (Xie, 1999), 2) transport of
the mean temperature gradient by circulation anomalies (e.g. Joyce et al. 2004), and 3)
nonlinear heat transport by circulation anomalies acting on temperature anomalies (e.g.
Jochum et al. 2004). Chang et al. (2001) present an argument emphasizing the role of the
advection of anomalous SST by the mean cross-equatorial ocean transport within the
context of a hybrid coupled model. By analyzing the model upper ocean heat budget, they
show that while stronger (weaker) trades increase (decrease) the surface heat loss and
cool (warm) the ocean, creating an anomalous cross-equatorial SST gradient, advection
of the anomalous SSTs by the northward cross-equatorial mean current will always tend
to weaken the anomalous SST gradient. In reality, the South Equatorial Current and the
North Brazil Current carry approximately 13 Sv water across the equator (Schott et al.
2002a), which can potentially play an important role in this negative feedback process.
Chang et al. (2001) further argue that the negative ocean feedback can introduce a delay

in the coupled loop, which may set a time-scale for the meridional mode. Seager et al.
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(2001) also found the dominance of the horizontal advection of anomalous temperatures
by the mean meridional currents, but reported no evidence of any obvious phase lag

introduced by the oceanic advection.

Joyce et al. (2004) recently presented an analysis based on both observations and model
simulations that argues for the importance of the transport of the mean temperature
gradient by circulation anomalies. They show that the wind driven response of the
tropical Atlantic thermocline depth is such that it opposes the cross-equatorial SST
gradient. Briefly, the mechanism proposed by Joyce et al. (2004) can be described as
follows: In response to a northward cross-equatorial SST gradient anomaly, a southerly
wind anomaly develops in the deep tropical Atlantic. This anomalous wind veers to the
east upon crossing the equator, which in turn generates a negative wind stress curl
anomaly just north of the equator (Fig. 10). The curl then drives cross-equatorial
Sverdrup transport in the ocean which is in the opposite direction of the meridional wind,
i.e., from the warm to the cold side of the equator. Since the mean SST gradient in the
tropical Atlantic is northward, the southward cross-equatorial Sverdrup flow tends to
advect warm water from the anomalously warm Northern Hemisphere to the anomalously
cold Southern Hemisphere, and thus damp the anomalous SST gradient. Joyce et al.
(2004) further show that this negative ocean feedback can introduce a lag of
approximately one year into the coupled system. Therefore, potentially it can play a role
of setting a time scale for the meridional mode. One intriguing aspect of this mechanism
is the potential linkage between the cross-equatorial SST gradient and ocean circulation
changes. Joyce et al. (2004) show that the cross-equatorial wind variability is connected

to the change in the NECC.

In a recent numerical study, Jochum et al. (2004) suggest that the nonlinear heat
transport induced by Tropical Instability Waves (TIWs) may also play a role in negative
feedback. It has been known for some time that the TIWs are an important part of the
equatorial heat budget (e.g., Philander and Hurlin 1988, Weisberg and Weingartner
1988). Jochum et al. (2003, 2004) show that in the Atlantic the TIWs can exist from
May to January and can potentially perturb the seasonal cycle of the ITCZ during boreal

-30.-



spring. Philander and Delecluse (1983) show that an increased southerly wind across the
equator associated with a northward SST gradient leads to a strengthening of the EUC
which should lead to stronger TIW activity and an increased southward heat flux, again a

negative feedback.

In reality, it is likely that all the above-described mechanisms act simultaneously to
weaken the cross-equatorial SST gradient. Their relative importance, however, may
depend on season and location, and have not been fully explored. It remains to be seen if
any of these mechanisms alone are of sufficient strongth to explain the decay of the SST

gradient.

The dynamic processes that govern the equatorial SST changes in the Atlantic Ocean
appear to be more complex and less understood than those involved in ENSO. The
observations made during SEQUAL/FOCAL clearly indicate that the anomalous
warming in the summer of 1984 was proceeded by weaker-than-normal trade winds
which led to the usually deep thermocline depth in the eastern equatorial basin (Philander
1986). The anomalous weak trade winds caused the zonal pressure gradient along the
equator to disappear in January-February, 1984 (Katz et al. 1986), which in turn drove
the anomalous eastward current just south of the equator, contributing to the 1984 warm
event (Hisard et al. 1986). This oceanic response resembles, in many respects, conditions
in the Pacific during a warm ENSO event. Hisard et al. (1986) note that although the
events such as that of 1984 are rare, similar oceanic conditions were also observed during
1963. An updated analysis of the relationship between the thermocline and SST for the
Atlantic zonal mode by Vauclair and du Penhoat (2001) identifies two more warm events,
1994-95 and 1997-1998, where the equatorial warming appears to be El Niho-like, in the
sense that there is a relaxation of the equatorial easterlies and a deepening of the
equatorial thermocline prior to boreal summer warming. But perhaps more interestingly,
the study shows the relationship in the Atlantic is more fragile and statistically less

significant than in the Pacific.
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Not all the warm events follow the El Niho-like relationship. Indeed, the overall
correlation between the SST and thermocline depth anomalies has a maximum value of
0.4 in the eastern equatorial cold tongue region, which is substantially lower than the
corresponding value for ENSO. The correlation between the zonal wind anomaly in the
western equatorial basin and equatorial thermocline variation is also low, achieving a
maximum value of 0.2 when the zonal wind leads the thermocline by 4 months.
Furthermore, the EOF mode that characterizes the thermocline variability associated with
the zonal mode only explains less than 10% of total thermocline variance in the tropical
Atlantic. These observational analyses suggest that the Bjerknes type of feedback
appears to operate sporadically for certain events in the equatorial Atlantic, but its
strength is much weaker than in the Pacific. The basin size may be the ultimate cause of
the differences between the Pacific and Atlantic in the strength of the Bjerknes feedback
and the relative importance of thermocline depth and upwelling changes in subsurface-to-
SST feedback; theoretical studies show that the equatorial mode is more unstable in the

larger Pacific basin (Hirst 1986; Battisti and Hirst 1989).

The simple coupled model experiments carried out by Zebiak (1993) provide further
insight into the similarities and contrasts between the dominant ocean processes
controlling the Pacific ENSO and the zonal mode. In the Pacific, the ENSO related SST
variability in the eastern equatorial Pacific is significantly forced by the mean upwelling
acting on the anomalous vertical temperature gradient and therefore thermocline
variability and large-scale equatorial ocean dynamics are crucial in determining the onset
of the SST anomaly. In the Atlantic, the primary driving force for the SST anomaly in
the eastern equatorial region comes from anomalous upwelling acting on mean vertical
temperature gradient. The mean upwelling, though it also contributes to forcing SST

anomalies, is much less significant.

This anomalous upwelling is primarily induced by local surface Ekman current
divergence in response to changes in local winds. Therefore, in the equatorial Atlantic
local Ekman feedback, in which the zonal SST gradient drives wind anomalies that

induce upwelling, may play a more important role than the Bjerknes feedback which

-41 -



relies on subsurface temperature changes induced by the equatorial thermocline
adjustment to wind changes in the western basin. In the eastern tropical Pacific, it has
been proposed that the Ekman feedback may play a role in the seasonal onset of the cold
tongue (Mitchell and Wallace 1992, Chang and Philander 1994), but is less important on
interannual time scales (Koberle and Philander 1994), while in the equatorial Atlantic this
mechanism seems to dominate both the seasonal cycle (Carton and Zhou 1997) and the
zonal mode (Zebiak 1993). If these modeling results hold, it would mean that the
subsurface memory mechanism that is so critically important for the evolution of ENSO

(see Neelin et al. 1998, for a reveiw) may be less effective in the zonal mode.

Carton and Huang (1994), however, point out that the role of subsurface ocean
dynamics can be different in different warm events. By contrasting responses of an
OGCM to the observed wind changes during 1983-84 and 1987-88, they show that the
subsurface ocean plays a preconditioning role for the warm event in 1984 in the sense
that there was a build-up of a positive heat content anomaly in the western tropical basin
during the summer and fall of 1983, but such a role was not evident for the warm event in
1988. Delecluse et al. (1994) attempt to quantify the role of the 1982-83 El Niho in the
1984 Atlantic warm event by conducting a set of AGCM experiments to isolate the
ENSO-forced atmospheric variability from the total fields over the tropical Atlantic
sector and then conducted a set of OCGM experiments forced with output from the
AGCM. This study shows that the strong 1982-83 El Nifio helped to precondition the
Atlantic warming that occurred in 1984, but that local feedback is required to retain both
the strength and phase of the equatorial warming in the Atlantic. Based on this finding,
they propose that Pacific ENSO may influence the onset of the zonal mode more than one
year in advance. Vauclair and du Penhoat (2001) argue that the warm events occurred in
summer of 1995 and 1998 may also be linked the corresponding El Nifo events.
However, these authors also note that the event in 1988 appears to be independent of the
1986-87 El Nino. At the moment, it is not clear why El Nino affects some Atlantic warm
events but not the others. Nor is it clear what causes such a long lag (more than a year)
between the warming in the equatorial Pacific and Atlantic. The other factor that can

potentially affect the onset of the zonal mode is the meridional mode.
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As noted earlier, the decay phase of the meridional mode coincides with the onset phase
of the zonal mode, raising the possibility that the two phenomena may be interrelated.
Servain et al. (1999, 2000) report a significant correlation between the cross-equatorial
SST gradient variation and the zonal slope of 20°C-isotherm depth variation along the
equator in both the observed and OGCM simulated data during 1980-1997. There are,
however, two caveats associated with this result. First, the high correlation reported by
Servain et al. (1999, 2000) appears to be only robust for the 1980s and 1990s. An
analysis of an ocean model simulation forced with the NCEP reanalysis winds for the
period 1949 to 2000 by Murtugudde et al. (2001) reveals that the correlation between the
cross-equatorial SST gradient variation and the zonal slope of 20°C-isotherm depth
variation are much lower for the period before 1980. Murtugudde et al. (2001) conjecture
that the 1976 "“climate shift" has an impact on TAV. Prior to 1976, TAV was dominated
by the meridional mode, and was less affected by the Pacific ENSO, and the connection
between the zonal and meridional modes was weak. After 1976, TAV is dominated by
the zonal mode, the ENSO influence is stronger, and the connection between the two

Atlantic modes is also stronger.

If this conjecture could be proven, it would suggest that the connection between the
meridonal and zonal modes may be felt through the remote influence of ENSO. Second,
as discussed earlier, in contrast to ENSO the Atlantic equatorial SST anomaly is only
relatively weakly correlated to the thermocline changes. Therefore, a high correlation
between the cross-equatorial SST gradient variation and the zonal slope of 20°C-isotherm
depth variation along the equator does not necessarily mean that a strong cross-equatorial
SST gradient anomaly would lead to a strong equatorial SST anomaly. Obviously, much
remains to be studied on the relationship between the two TAV modes. Of particular
interest is their relationship during the boreal spring and summer when the two

phenomena co-exist.

The dynamical processes that contribute to the decay of the zonal mode are generally

less understood. For ENSO, the decay of the equatorial SST anomaly in the eastern
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Pacific has been attributed to the thermocline perturbation generated by the Rossby
waves of opposite sign to the initial thermocline anomaly. It is not clear to what extent a
similar mechanism works for the Atlantic zonal mode. The simple model study by
Zebiak (1993) suggests that the dominant processes that contribute to the decay of the
SST in the eastern equatorial Atlantic are horizontal advection, particularly the
meridional component, and the damping effect of the surface heat flux, but not the
thermocline fluctuation. In fact, these damping processes are so strong that the model
does not support any self-sustained oscillation in the tropical Atlantic. Nevertheless,
Zebiak (1993) concludes that at least in the simple model framework the primary
mechanism for the Pacific ENSO and Atlantic zonal mode is basically the same: the so-
called delayed oscillator mechanism. Whether or not this conclusion holds in reality

needs further investigation.

There have been even fewer studies on the dynamics of the Benguela Nifio and Niha.
The most recent studies on this subject (Florenchie et al. 2003a,b) suggest that the remote
forcing mechanism via equatorial wave dynamics is more plausible than the local
feedback mechanism. In particular, the warm and cold events over the past two decades
have been linked to the zonal wind stress anomaly in equatorial western Atlantic, in line
with the earlier studies by Hirst and Hastenrath (1983) and Picaut (1985), and many
Benguela Ninos coincide with strong warm phases of the zonal mode (e.g. 1963, 1984,

and 1995).

2) INTERACTIONS WITH EXTRATROPICAL OCEAN PROCESSES

As in the tropical Pacific, the upper circulation of the tropical Atlantic is connected to
the extratropical circulation via STCs. What complicates the circulation system in the
tropical Atlantic is the effect of the Meridional Overturning Circulation (MOC) on the
wind-driven circulation. As a result of recent observational synthesis efforts (e.g.,
Schmitz and McCartney 1993; Schmitz 1996; Stramma and Schott 1999; Stramma et al.
2003; Snowden and Molinari 2003; Zhang et al. 2003), a first order description of the

three dimensional structure and the pathways of the tropical Atlantic circulation system is
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emerging (see Snowden and Molinari 2003 for a recent review). There is an estimated
total of 21 Sv of water upwelled into the surface layer of tropical Atlantic on an annual
average, of which roughly 5 Sv appears to be associated with the Northern Hemisphere
STC, 10 Sv is associated with the Southern Hemisphere STC, and the remaining 6 Sv is
associated with the MOC (Roemmich 1983, Zhang et al. 2003). The origin of the latter
can be traced back into the western Indian Ocean (Sprintall and Tomczak 1993; Tomczak
and Godfrey 1994). Among the 10 Sv associated with the Southern Hemisphere STC, 4
Sv of flow can enter the equatorial zone through an interior pathway extending from 10W
to the western boundary, and the another 6 Sv of subducted water merges into the
northward flowing North Brazil Current/North Brazil Undercurrent. This branch is
joined by the 6 Sv of the MOC return flow which is apparently brought into the Atlantic
by the Agulhas Current and the associated eddies and carried northwestward by the
Benguela Current and the SEC before joining the North Brazil Current/North Brazil
Undercurrent south of 10°S (Stramma and Schott 1999). Therefore, the western
boundary pathway is the most effective way for the communication between tropics and
extratropics in the Southern Hemisphere. In the Northern Hemisphere, the strength of
STC is only a half of that of the Southern Hemisphere STC (Schott et al. 1998; Bourles et
al. 1999a,b; Zhang et al. 2003; Wilson et al.1994) and the fate of the subducted water in

the Northern Hemisphere, upon crossing 10°N, is less clear observationally.

Considerable recent research effort has been devoted to the understanding of the
hemispheric asymmetry of the Atlantic STCs. Fratantoni et al. (2000) hypothesize that
the presence of the MOC return flow in the Atlantic is the main cause of the asymmetry.
Chepurin and Crton (1996) and Jochum and Malnotte-Rizzoli (2001) further argue that
there is another factor which has to do with the existence of a potential vorticity barrier
created by the Ekman suction associated with the Atlantic ITCZ in the northern tropical
latitudes. This vorticity barrier inhibits much of the interior communication, forcing the
majority of the water subducted in the north Atlantic to flow westward into the western
boundary before turning equatorward by the western boundary current. This combines
with the fact that the strength of the equatorward flowing western boundary current along

the northeastern coast of the South America is significantly weakened by the MOC return
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flow (Fratantoni et al. 2000) is responsible for blocking the inflow of North Atlantic

waters into the equator.

Hazeleger et al. (2003) confirm, based on a Lagrangian trajectory analysis of a high-
resolution global OGCM simulation, that the EUC is mainly ventilated from the south
and the main subduction sites are located along the South Equatorial Current. Inui et al.
(2002) suggest that the interior communication window between the equatorial ocean and
the north subtropical Atlantic can be sensitive to wind stress forcing in the region. Da
Silva and Chang (2004) show, based on an analysis of an Ocean Data Assimilation
(ODA) product from the Geophysical Fluid Dynamics Laboratory (GFDL), that the
seasonal variation of the zonal slope of the thermal ridge along the boundary between the
NECC and NEC in response to the seasonal variation of the ITCZ can also have an

important impact on the pathways in the NTA.

The asymmetric nature of the tropical Atlantic circulation causes the cold thermocline
water from the Southern Hemisphere to upwell in the eastern equatorial Atlantic. The
upwelled water subsequently is converted into warm surface water via heat exchange
with the atmosphere and partly transported toward the northern high latitudes via surface
currents. This unique Warm Water Formation and Escape process (Csanady 1984, and
Lee and Csanady 1999) makes the Atlantic the only ocean where the net meridional heat

transport is everywhere northward (e.g. Trenberth and Caron 2001).

Variability in these tropical-extratropical exchanges via STCs and the MOC likely
plays an important role in TAV at decadal and longer time scales. However, at present,
the importance of the large-scale ocean circulation can only be made by theoretical
argument and numerical model experiment, due to the lack of long-term ocean
observations. The meridional mode with its decadal timescales appears to be a likely
candidate for involvement (both instrumental and paleo proxy records show an
enhancement of spectral power in the 10-13 year frequency band [Mehta 1998; Black et
al. 1999]).
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Alternatively, some investigators (e. g. Dommenget and Latif 2000, Enfield et al. 1999,
Melice and Servain 2003) argue that the ocean does not play a significant role. They
argue that the SST variation in each hemisphere may be driven independently by
dynamic processes in its own hemisphere. For example, Meclice and Servain (2003)
shows that SST anomalies in the north tropical are related to the NAO, while anomalies
in the south tropical Atlantic are related to low-frequency fluctuations of the southern
subtropical sea level pressure high. Occasionally, SST anomalies in each hemisphere line
up with opposite sign, giving rise to a strong cross-equatorial gradient. Since extratropical
fluctuations, such as the NAO, are predominantly caused by chaotic dynamics inherent to
the atmosphere, this scenario would argue that fluctuations of the meridional mode are
governed by a red noise process and strong interhemispheric SST anomalies occur by

chance. This scenario can be regarded as a null hypothesis for decadal variation of TAV.

Competing hypotheses argue for the importance of the interplay between the regional
ocean-atmosphere coupling and oceanic feedback. One proposed mechanism that
emphasizes a more active role for ocean circulation in the decadal variation of TAV
invokes interactions between the tropical and extratropical ocean circulation via STCs. In
the tropical Atlantic, the Southern Hemisphere STC supplies most of the water to the
equatorial thermocline, and thus is more likely to bring extratropical anomalies into the
equatorial zone. Furthermore, since the Southern Hemisphere STC appears to be nearly
steady, at least during the last decade (Stramma et al. 2003), the mechanism proposed by

Gu and Philander (1997) may be more relevant and applicable to the south Atlantic.

Indeed, the numerical simulation by Lazar et al. (2002) shows the propagation of
thermal anomalies around the subtropical gyre in the south Atlantic, some of which
appear to reach the equatorial region after approximately 10 years (Fig. 11). This led to
the proposal that the Southern Hemisphere STC, through its action on tropical SST in the
equatorial upwelling zone, may provide a way by which slow ocean processes modulate
the meridional gradient of tropical SST, and hence the low frequency cycles of the inter-
hemispheric SST gradient. One caveat to this is that the anomalies traced to the equator

in the model appear to be very weak. Therefore, unless local air-sea feedback is
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sufficiently strong to amplify the extratropical signal, it seems unlikely that this

disturbance alone can have significant impact on the tropical SST.

The Northern Hemisphere STC, on the other hand, exhibits much more temporal
variability, making it a possible candidate for the second type of STC mechanism
involving fluctuations in volume transports (Kleeman et al. 1999). However, this STC is
much weaker than its Southern Hemisphere counterpart and involves more complex
dynamics. One particularly interesting aspect of the Northern Hemisphere STC is that
its structure and pathways may be sensitive to the MOC changes (e.g., Fratantoni et al.
2000; Jochum and Malanotte-Rizzoli 2001). Based on the ocean model experiment
results of Fratantoni et al. (2000) and Jochum and Malnotte-Rizzoli (2001), it is not
inconceivable that a decrease in the MOC could cause more symmetric Atlantic STCs
which could lead to an increase in the supply of thermocline water from the Northern
Hemisphere Equatorial Undercurrent and a resulting change in upper equatorial ocean
thermal structure. How viable this mechanism is in term of influencing SST and the

overlying atmosphere and how such a feedback loop would work are still very unclear.

There are other proposed mechanisms whereby MOC changes could affect the surface
ocean conditions. Yang (1999) proposes that MOC changes can affect the
interhemispheric SST changes. His mechanism, which involves MOC modulation of
cross-equatorial heat transport, is supported by some numerical simulation experiments.
The experiments show that the relatively short adjustment time scale (5 years) that links
the high latitude and tropical oceans is set by Kelvin and Rossby wave propagation. The
resulting adjustment processes follow closely the theoretical analysis described by
Kawase (1987) and Cane (1989). As the wave adjustment takes place along the western
boundary and the equator, the maximum SST anomalies simulated by the idealized model

appear in a narrow region along the western boundary.
In a recent study that follows Yang’s reasoning, Johnson and Marshall (2002) articulate

the importance of the so-called “equatorial buffer” mechanism. The fast propagation of

Kelvin waves along the western boundary and then along the equator makes the
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equatorial region a buffer zone, which acts to limit and delay the response of the Southern
Hemisphere to a sudden change in deep water formation in the northern high latitudes.
The disconnect between the two hemispheres causes convergence or divergence of heat
in the equatorial region during the adjustment period, which can then produce a sizable
change in the SST. The tight coupling between the atmosphere and ocean in the deep
tropics can potentially amplify the resulting thermal signal and lead to a large-scale
response in the coupled system. The extent to which this buffer mechanism works in the
real climate system needs to be further examined in a more realistic coupled model

framework.

Observational evidence regarding the potential effects of northern deep-water formation
anomalies on the tropical circulation and stratification may be forthcoming. A large
volume of Labrador Seawater that was formed in the early 1990°s (Molinari et al., 1998;
Stramma et al., 2004) is propagating southward along the western boundary of the North
Atlantic. It was located east of the Bahamas in 1996 and was just recently detected to
have advanced to 8N (R. Fine, pers. Comm., 2004). Hopefully an obseravtional system
will be in place to study its propagtion in the equatorial zone in comparison with the

model predictions as summarized here.

While many details remain to be worked out regarding the oceanic connection between
the MOC and TAYV, there are several recent studies suggesting that a sudden change in

the MOC strength can produce a significant response in the tropics. Coupled CGM model
studies by Vellinga and Wood (2002) and Dong and Sutton (2002) have shown a
southward shift of the ITCZ over the Atlantic, accompanied by a dipole-like SST pattern
with a cooler (warmer) temperature in Northern (Southern) Hemisphere (Fig. 12) in
response to a collapse of the thermohaline circulation in the Atlantic Ocean, — a pattern
which is consistent with the Atlantic meridional mode. Both of these studies are based on
a version of the UK Hadley Centre global coupled ocean-atmosphere GCM (HadCM3).
While Vellinga and Wood (2002) focus on the quasi-equilibrum response, Dong and
Sutton (2002) focus on the adjustment of the coupled system. The latter study finds that

the tropical Atlantic response to the change in the high latitudes is established within a
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relatively short time. Particularly worth noting is the coupled system adjustment when
the cooler SST reaches the equator and a cross-equatorial SST gradient develops within
4-6 years after the high latitude disturbance was introduced. The SST gradient causes a
southward shift of the ITCZ in the tropical Atlantic sector, which apparently initiates an
El Niho event in the tropical Pacific. = While the exact mechanism for the linkage
between the high latitudes and tropics in that coupled model still appears unclear, it is
possible that the equatorial buffer mechanism may play a role. On the other hand,
Chiang et al. (2003) report similar ITCZ response in an AGCM coupled to a slab ocean,
raising the question: Does the high-to-low latitude communication occur through an

oceanic bridge, or an atmospheric bridge?
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4. Indian Ocean Dipole (I0D)

Recent progresses in the Indian Ocean research led to the discovery of an ocean-
atmosphere coupled phenomenon known as the Indian Ocean Dipole (IOD) mode (Saji et
al. 1999; Yamagata et al. 2003a, 2004), which is also known as the Indian Ocean Zonal
(I0Z) mode (Webster et al. 1999). The IOD is characterized by an east-west dipole
pattern in SST anomalies. The anomalous SSTs are found to be closely associated with
changes in surface winds; equatorial winds reverse direction from westerlies to easterlies
during the peak phase of the positive IOD events when SST is cool in the east and warm
in the west (Fig. 13a). Changes in surface winds are associated with a basin-wide
anomalous Walker circulation (Yamagata et al. 2002, 2003a). The anomalous winds
related to 10D raise (deepen) the thermocline in the east (west) that gives rise to a
subsurface dipole as shown in Fig. 13b (Rao et al. 2002a; Feng and Meyers 2003;
Shinoda et al. 2004a).

The notion that the IOD is an independent physical mode inherent to tropical Indian

coupled system has been put forward recently (Saji et al. 1999; Yamagata et al. 2003a
2004). The independent nature of IOD events is observed in some years even in a simple
visual analysis of the raw data; strong, positive IOD events of 1961, 1967 and 1994
independent nature of the IOD is also seen in pure composites of SST anomalies
(Yamagata et al. 2004) in the observed data (Fig. 14a,b). It may be noted that the SST
anomalies are stronger in the pure IOD composite as compared to the all IOD composite.
Although a dipole-like pattern emerges in the Indian Ocean in an all-ENSO composite
because of co-occurrence of some 10D events, it almost disappears in a pure ENSO
composite (Fig. 14c,d). It should be noted that a significant number of the IOD events are
independent of ENSO and only about 30% of them co-occur with ENSO (Rao et al.
2002a; Yamagata et al. 2003a, 2004). Therefore, the IOD can not be simply explained as
a passive response to ENSO as in the case of TAV. Its distinctive characteristics require

invoking local air-sea interaction to explain.
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Like other tropical phenomena, the evolution of the IOD is strongly locked to the
annual cycle; the phenomenon typically develops during May/June, peaks in
September/October and diminishes in December/January. Its development phase
coincides with the onset of Indian summer monsoon, while its peak phase roughly
coincides with the onset of boreal winter monsoon. We notice that the IOD peak phase is
different from that of ENSO. There are further marked differences in the rainfall
variability associated with IOD and ENSO. Behera and Yamagata (2003) showed that
the IOD influences the Darwin pressure variability, i.e., one pole of the Southern
Oscillation. Positive IOD and El Nino have similar impacts in the Indonesian region
owing to anomalous atmospheric subsidence, and thereby induce drought there.
However, the variability in East African short rains during boreal fall are more likely to
be associated with the IOD (Black et al. 2003; Saji and Yamagata 2003b; Behera et al.
2004) rather than ENSO as indicated by previous studies (Ropelewski and Halpert 1987;
Ogallo 1989; Hastenrath et al. 1993; Mutai and Ward 2000). The impact of the IOD is not
limited only to the equatorial Indian Ocean. Through the changes in the atmospheric
circulation, IOD influences global climate (e.g. Saji and Yamagata 2003b). For example,
the IOD influences the Southern Oscillation in the Pacific (Behera and Yamagata 2003),
rainfall variability during the Indian summer monsoon (Behera et al. 1999; Ashok et al.
2001), the summer climate condition in East Asia (Guan and Yamagata 2003; Guan et al.
2003), the African rainfall (Black et al. 2003; Clark et al. 2003; Behera et al. 2003b,2004;
Rao et al. 2003), the Sri Lankan Maha rainfall (Zubair et al. 2003) and the Australian
winter climate (Ashok et al. 2003b). Fig. 15 distinguishes the global rainfall variability
associated with the IOD from those of ENSO based on partial correlation/pure composite

analysis of observed data (Saji and Yamagata 2003b, and Yamagata et al. 2004).
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Discovery of the IOD has stimulated exciting research in other disciplines of science
such as paleoclimate, marine biology and atmospheric chemistry. In a recent paper,
Abram et al. (2003) reported that the scattered particulates from severe wildfires in the
Indonesian region during the 1997 IOD event caused exceptional coral bleaching in the
Mentawai Island (off Sumatra) reef ecosystem. They also traced the IOD signal back to
the mid-Holocene period using the fossil coral records from the region, revealing the first
evidence of paleo-IOD. In another context, Fujiwara et al. (1999) found that the
variability in tropospheric ozone distribution over Indonesia is related to the 10D

phenomenon.

a. Coupled air-sea feedback in the IOD

The evolution of the IOD during its development and peak phase clearly involves active
ocean-atmosphere interaction. The coupled mechanism appears to be predominantly
dynamical in nature, involving feedbacks between winds and SSTs through upper
equatorial ocean dynamics. As noted earlier, during the peak phase of the positive IOD
events SST is colder than normal in the east and warmer than normal in the west (Fig.
13a). The atmosphere responds to this anomalous SST with a basin-wide anomalous
Walker circulation (Yamagata et al. 2002, 2003a) causing equatorial winds reverse
direction from westerlies to easterlies. The anomalous winds in turn raise (deepen) the
thermocline in the east (west) giving rise to a subsurface dipole there as shown in Fig.
13b (Rao et al. 2002a; Feng and Meyers 2003). Since the seasonal southeasterly winds
along the Java coast are also strengthened during the positive IOD events, the anomalous
coastal upwelling combined with the shallow thermocline causes anomalous SST cooling
near the coast, in addition to enhanced evaporative cooling in a larger area off shore
(Behera et al. 1999). The deeper thermocline in the west forms through the Ekman
pumping/Rossby wave mechanism (Murtugudde et al. 2000; Rao et al. 2002a; Xie et al.
2002; Feng and Meyers 2003) and generates a warm SST anomaly there. The SST
gradient across the ocean is thus increased by mechanisms acting in both the east and the
west, which leads to further enhancement of the atmospheric response. These oceanic and

atmospheric conditions fit to the general description of a Bjerknes-type feedback
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(Bjerknes 1969), suggesting that the Bjerknes mechanism is a key for the IOD evolution.
Behera et al. (1999), Yamagata et al. (2002) and Behera and Yamagata (2003) provide
further observational evidence for the dipole pattern of OLR anomalies and sea level

pressure anomalies associated with the IOD.

Coupled model studies are generally supportive of the independent nature of the IOD as
an intrinsic physical mode and the importance of local ocean-atmosphere feedbacks in its
evolution. We particularly note that various coupled general circulation models
(CGCMs) are now successful in reproducing the IOD events (lizuka et al. 2000; Yu et al.
2002; Gualdi et al. 2003; Behera et al. 2003b; Lau and Nath 2004; Cai et al. 2004;
Yamagata et al. 2004; Ashok et al. 2004) and have provided a solid dynamical basis for
its existence. lizuka et al. (2000) found a remarkable similarity between the observed
IOD and model IOD from their moderately high resolution CGCM. The model IOD in
their results shows a quasi-biennial tendency and is largely independent of the model
ENSO. This independent nature of IOD is also observed in the SINTEX model
simulation (Gualdi et al. 2003). They found significant correlations between sea level
pressure anomalies in the southeastern Indian Ocean and sea surface temperature
anomalies in the tropical Indian and Pacific Oceans in both observations and a multi-
decadal simulation. In particular, a positive SLP anomaly in the southeastern part of the
basin is shown to produce favorable conditions for the development of an IOD event

which was discussed in detail by Li et al. (2003).

The characteristic of IOD and its independence from ENSO are also observed in a
higher resolution version of the SINTEX-FI simulation (Yamagata et al. 2004), which
shows improvement in simulated ENSO power spectra owing to the high resolution
atmospheric model (cf. Guiyalrdi et al. 2004). Behera et al. (2003b, 2004), after deriving
an index for the East African short rains, have shown that the SINTEX-F1 coupled model
(Luo et al. 2003; Masson et al. 2003a) reproduces an east-west SST dipole in the
correlation between the short rains index and the SST anomalies in the Indian Ocean.

They have also found a high simultaneous correlation between the zonal wind anomalies
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and the short rains index emphasizing the existence of air-sea coupling during the IOD

event.

Cai et al. (2004) have discussed a similar ocean-atmosphere coupled mode using the
240-yr simulation results of the CSIRO Mark3 coupled climate model. As in the previous
CGCM studies, they find almost no simultaneous relationship between IOD and ENSO.
However, they also found that most of the model 10D evolves after the demise of model
ENSO. The strong association of their model IOD with the model ENSO at one year lag
is attributed to the model bias caused by a too active intrusion of the Indonesian
throughflow from the western tropical Pacific owing to coarse ocean model resolution. In
another CGCM study Yu et al. (2002) have further confirmed the previous findings. In
addition, in an attempt to decouple the Pacific ENSO mode from IOD in the Indian
Ocean, they have demonstrated that the IOD evolves without the ENSO forcing. All
those model results including Fisher et al. (2003) are very different from the model result
of Baquero-Bernal et al. (2002). The origin of this discrepancy needs to be investigated
carefully. The IOD is also simulated in moderate resolution CGCMs developed for long-
term climate studies (Lau and Nath 2004; Ashok et al. 2004). From a 900-year GFDL
CGCM experiment, Lau and Nath (2004) found recurrent evolution of IOD patterns. As
in the observation, some strong IOD episodes in their model occur even in the absence of
ENSO influences. They suggest that the IOD evolution is attributable to multiple factors:
internal air-sea positive feedback processes, remote influences due to ENSO, and

extratropical changes in the Southern Ocean.

As in the case of Pacific ENSO, CGCMs are proving to be useful in predictability
experiments of the IOD. Using the NASA Seasonal-to—Interannual Prediction Project
coupled model system, Wajsowicz (2004) has shown a good predictability skill of the
model. Ensemble hindcasts of the SST anomalies averaged over the two poles of the
IOD are encouragingly good at 3 months lead-time for the decade 1993-2002 including
extreme positive events in 1994 and 1997/98. The onset of the 1997/98 event is delayed
by about a month, though the model ensemble correctly predicts the peak and decay

phases. At 6 months lead—time, the forecast skill of the eastern pole deteriorates.
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The dynamically consistent long time series data obtained from CGCM simulations are
useful for studies of low frequency variabilities (Ashok et al. 2004). Using an output from
200-year integration of the SINTEX-F1 CGCM, Tozuka et al. (2004) have recently
investigated the decadal climate variability in the tropical Indian Ocean. In their analysis,
the first EOF mode of the band-pass (9-35 years) filtered sea surface temperature
anomaly represents a basin-wide mode that has close connection with the Pacific ENSO-
like decadal variability. The second EOF mode shows a clear east-west dipole pattern.
Since the pattern resembles the interannual IOD despite the longer time scale, the mode is
named the decadal IOD. One of the most interesting suggestions is that the decadal air-
sea interaction in the tropics could be a statistical artifact; the decadal IOD may be
interpreted as decadal modulation of interannual 10D events. The appearance of the
model decadal IOD is related to a) frequency modulation, b) amplitude modulation and,
most importantly, ¢) asymmetric occurrence of positive and negative events. The origin
of the decadal behavior of IOD both in models and observations needs to be clarified.
Possible tropical and subtropical interactions through oceanic processes in response to
monsoon variability, in addition to roles of the Indonesian throughflow, appear to be a

key for the understanding of the decadal IOD.

b. Remote influence from the Pacific

The importance of the remote influence of Pacific ENSO on variability in the Indian
Ocean has long been recognized. In fact, the conventional view was that the variability
in the Indian Ocean sector is completely dominated by the remote influence of ENSO.
Indeed, a basin-wide SST anomaly of almost uniform polarity that is highly correlated
with ENSO in the Pacific is present as the most dominant interannual mode in the Indian
Ocean (Cadet 1985; Klien et al. 1999). In most of cases, the times the basin-wide
anomaly is first established in the west through the weakening of the Findlater jet and
then spreads eastward as the warm ENSO matures. The weakening of the Indian summer
monsoon is caused by the anomalous downdraft related to warm ENSO episode.

Compared to the SST anomalies associated with 10D, these ENSO-induced basin-wide
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uniform SST anomalies occur more frequently and persist for a longer period (see Fig. 1
in Yamagata et al. 2004). For these reasons, this pattern emerges as the leading mode in
statistical analyses, such as Empirical Orthogonal Function (EOF) analysis, whereas the

IOD often appears as the second dominant mode.

As it has been rare for climate dynamists to discuss a second mode of variability, some
researchers felt difficulties in accepting the new concept of the IOD (cf. Allan et al. 2001;
Hastenrath 2002) in spite of a few studies that intuitively drew attention to the inherent
climate variability in the tropical Indian Ocean (e.g. Rrverdin 1985; Reverdin et al. 1986;
Hastenrath et al. 1993). In the wavelet spectra of raw SST anomalies in the eastern pole
(10°S-Eq., 90°E-110°E) and western pole (10°S-10°N, 50°E-70°E), we do not find much
coherence (Fig. 2 in Yamagata et al. 2003a); we are apt to be misled to a denial of the
dipole mode. However, as shown in Yamagata et al. (2003a), a remarkable seesaw is
found between the two poles after removing the external ENSO effect (readers are
referred to Fig 3 of their article). This shows quite a contrast to other major oscillatory
modes such as the Southern Oscillation and the North Atlantic Oscillation. Because
those are the first dominant modes even statistically, a negative correlation is observed
between poles of those two modes even in raw data. Since the IOD appears as the second
mode statistically in SST variability, we need to remove the first dominant mode to detect
its sea-saw mode statistically. This is the basic reason why some statistical analyses fail
to capture the IOD signal (cf. Dommenget and Latif 2002; Hastenrath 2002) even if the
IOD appears as a seesaw mode dramatically in a physical space during typical event
years. The above subtlety is demonstrated mathematically in Behera et al. (2003a).
Another interesting divide is related to interpretation of rather high correlation between
ENSO and 10D phenomena. The correlation between DMI and Nino-3 index is 0.53 for
the peak IOD season of September-November (Nicholls and Drosdowsky 2000; Allan et
al. 2001). Based on this significant correlation, one straightforward way to interpret this
is that IOD events occur as a part of ENSO (Allan et al. 2001; Baquero-Bernal et al.
2002). Another way in interpreting this statistics is that it reflects the fact that about one

third of the positive IOD events co-occur with El Nifo events. The latter view is based

- K87 -



on the fact that the non-orthogonality of two time series does not necessarily mean that

the two phenomena are always connected in a physical space.

The mechanisms through which ENSO exerts its influence on the Indian Ocean have
not been clearly understood. One possible candidate is through changes in zonal Walker
circulation. Yamagata et al. (2003), however, have demonstrated that an anomalous
Walker cell exists only in the Indian Ocean during pure IOD events (Fig. 16). Although
the linear analysis does not exclude completely the possible nonlinear physical
interaction between the two climate signals, the above suggests the independent evolution
of some IOD events. From a case study of the 1997-98 El Nino event, Ueda and
Matsumoto (2000) suggested that the changes in the Walker circulation related to the El
Nifo could influence the evolution of IOD through changes in the monsoon circulation.
Conversely, Behera and Yamagata (2003) showed that IOD modulates the Darwin
pressure variability, i.e., one pole of the Southern Oscillation. How two major climate

modes interact in the Indo-Pacific basin is a challenging problem.

The other proposed mechanism is through changes in the ocean circulation in response
to ENSO-related changes in the atmosphere. In the pure El Nifio composite in Fig. 14c,
we notice that the cold SST anomalies near the Java coast propagate along the west coast
of Australia. This is understood on the basis of the oceanic finding in both theory and
observations; the mature ENSO signal in the western Pacific intrudes into the eastern
Indian Ocean through the coastal wave-guide around the Australian continent (Clarke and
Liu 1994; Meyers 1996; Wijffels and Meyers 2004). The SST in the eastern Indian
Ocean near the west coast of Australia during the boreal fall and winter is thus influenced
by ENSO. This is known as the Clarke-Meyers effect. Schiller et al. (2000) confirmed
this effect using a realistic ocean general circulation model. The changes in the SST may
cause local air-sea interaction in boreal fall in this region (Hendon 2003), just like the
annual coupled mode in the eastern Pacific (cf. Tozuka and Yamagata 2003). This
phenomenon appears to be different from the cooling off Sumatra which is related to the
basin-wide IOD phenomenon; IOD starts in May or June and involves the active

equatorial ocean dynamics. However, the air-sea interaction in the eastern Indian Ocean
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apparently enhances the IOD-ENSO correlation during the boreal fall. The eastern Indian
Ocean is a unique region as crossroads of climate signals of both the Pacific Ocean and
the Indian Ocean (Wijffels and Meyers 2004). The interaction of equatorial and coastal
wave-guides influenced by the presence of the barrier layer is a complex phenomenon

that still is not well understood.

c. Telelconnection

Like ENSO, the IOD can exert its influence on various parts of the globe via
atmospheric bridge effects, interfering with other modes of climate variability. Saji and
Yamagata (2003b) demonstrated that the positive IOD and El Niho have opposite
influences in the Far East, including Japan and Korea; positive IOD events give rise to
warm and dry summers, while negative IOD events lead to cold and wet summers. For
example, the record-breaking hot and dry summer during 1994 (just like 1961) in East
Asia was actually linked to the IOD (Guan and Yamagata 2003; Yamagata et al. 2003b
2004). It is well known that the summer climate condition over east Asia is dominated
by activities of the east Asian summer monsoon system. Since the east Asian summer
monsoon system is one subsystem of the Asian Monsoon (Wang and Fan 1999), it
interacts with another subsystem, the Indian summer monsoon, via variations of the
Tibetan high and the Asian jet (Rodwell and Hoskins 1996; Enomoto et al. 2003). The
precipitation over the northern part of India, the Bay of Bengal, Indochina and the
southern part of China was enhanced during the 1994 positive IOD event (Behera et al.
1999; Guan and Yamagata 2003; Saji and Yamagata 2003b). Using the NCEP/NCAR
reanalysis data (Kalnay et al. 1996) from 1979 through 2001 and the CMAP precipitation
data from 1979 through 1999, several studies found that the equivalent barotropic high
was strengthened over East Asia (e.g. Guan and Yamagata 2003; Yamagata et al. 2003b,
2004). The anomalous pressure pattern bringing unusually hot summer is well known to
Japanese weather forecasters as a whale tail pressure pattern. The tail part is equivalent
barotropic in contrast to the larger baroclinic head part of the Pacific High. The I0D-
induced summer circulation changes over east Asia are thus understood schematically

through a triangular mechanism (Fig. 17). One process is that a Rossby wavetrain is
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excited in the upper troposphere by the IOD-induced divergent flow over Indochina
(Sardeshmukh and Hoskins 1988). This wavetrain propagates northeastward from the
southern part of China. This is quite similar to Nitta’s PJ (Pacific-Japan) pattern (Nitta
1987) although the whole system is shifted a little westward. Another process is that the
IOD-induced diabatic heating around the Bay of Bengal excites a long atmospheric
Rossby wave to the west of the heating. The latter reminds us of the monsoon-desert
mechanism that connects the circulation changes over the Mediterranean Sea/Sahara
region with the heating over India (Rodwell and Hoskins 1996). Interestingly, this
monsoon-desert mechanism was introduced by examining the anomalous summer
condition of 1994 prior to the discovery of IOD (cf. Hoskins 1996). The westerly Asian
jet acts as a waveguide for eastward propagating tropospheric disturbances to connect the
circulation change around the Mediterranean Sea with the anomalous circulation changes
over east Asia. This mechanism called the Silk Road process may contribute to
strengthening of the equivalent barotropic high over east Asia (Enomoto et al. 2003).
The scenario is confirmed by calculating the wave activity flux (cf. Plumb 1986; Takaya

and Nakamura 2001) by Guan and Yamagata (2003).

The SINTEX-F coupled model simulation demonstrated the paramount influence of
IOD on east African short rains; about 80% of extreme short rain years are related to IOD
as in the observations (Behera et al. 2003b; Behera et al. 2004). The DMI was successful
in predicting anomalous short rains one season ahead in 92% of the years. The slow
propagation of the air-sea coupled mode in the western Indian Ocean (Yamagata et al.
2004; Rao et al. 2004; Behera et al. 2004) provides us with a scope for the predictability
of the IOD-induced short rains. The anomalous westward low-level winds in response to
the anomalous zonal gradient of SST increase the moisture transport to the western
Indian Ocean and enhance atmospheric convection in east Africa. The correlation
analysis demonstrates that positive IOD (El Niho) events are related to enhanced
(reduced) rainfall in east Africa as in the observations. Interestingly, the current coupled
model captures even the higher impact of IOD on the Sri Lankan Maha rainfall as

discussed by Zubair et al. (2003). In the Indonesian region, the model rain anomaly
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shows higher negative partial correlation with the IOD index as compared to that of

ENSO.

In the Southern Hemisphere, the impact of the IOD is remarkable in the southwestern
part of Australia (Saji and Yamagata 2003a, b; Ashok et al. 2003b) and Brazil (Saji and
Yamagata 2003b); positive IOD events cause warm and dry conditions and negative
events cause cold and wet conditions (Fig. 15). The IOD teleconnection in the winter
hemisphere is more due to a Rossby wavetrain (Chan et al. personal communication).
The study of teleconnection due to IOD events has just started and serious efforts to
understand more about its mechanism are needed to improve predictability of regional

climate over the globe.

d. Oceanic dynamics in the IOD

1) TROPICAL OCEAN PROCESSES

Several recent studies have discussed various roles the ocean dynamics play in the
evolution of the Indian Ocean coupled phenomenon (Vinayachandran et al. 1999, 2002;
Murtugudde et al. 2000; Feng et al. 2001; Li and Mu 2001; Rao et al. 2002b; Reason et
al. 2002; Xie et al. 2002; Saji and Yamagata 2003a; Guan et al. 2003; Masson et al.
2003b; Ashok et al. 2003a; Annamalai et al. 2003; Shinoda et al. 2004a) using observed

data and ocean model simulations.

The oceanic condition in the eastern Indian Ocean was first reported by Meyers (1996);
the study based on a repeated XBT section near the outlet for the Indonesian throughflow
showed unusually cold anomalies off Java in close association with the zonal wind
anomalies in the eastern equatorial Indian Ocean and their frequent occurrence in the
past. This is consistent with the study by Yamagata et al. (1996), which suggested the
arrival of equatorial Kelvin waves generated in the Indian Ocean contributing to the

throughflow variability.
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The dipole mode originally introduced using the SST anomalies is coupled strongly
with subsurface temperature variability (Murtugudde et al. 2000; Feng et al. 2001; Rao et
al. 2002a; Vinayachandran et al. 2002; Shinoda et al. 2004b; Feng and Meyers 2003). In
fact, the dipole mode emerges as the first dominant mode in the subsurface temperature
variability (Rao et al. 2002a). The close link between the surface signal and the
subsurface signal is very striking when we calculate correlation between the zonal wind
index from the central Indian Ocean and the heat content/ SST anomalies (Fig. 13). The
high correlation with the equatorial wind anomalies shows the close coupling between the
ocean and the atmosphere. Rao et al. (2002a) discussed how the evolution of the
dominant dipole mode in the subsurface is controlled by equatorial ocean dynamics
forced by zonal winds in the equatorial region. This evolution appears to be explained by
a kind of delayed oscillator mechanism (cf. Schopf and Suarez 1988); the phase of the
surface dipole reverses in the following year through propagation of oceanic
Rossby/Kelvin waves (Rao et al. 2002a; Feng and Meyers 2003), which is also confirmed
from coupled model studies (Gualdi et al. 2003; Yamagata et al. 2004). Thus, the
turnabout of the subsurface dipole leads to the quasi-biennial oscillation (QBO) of the
tropical Indian Ocean (Rao et al. 2002a; Feng and Meyers 2003). The ocean dynamics
may play an important role in the QBO in the Indo-Pacific sector through changes of the

Asian monsoon (cf. Meehl 1987). This is another challenging problem.

Interannual Rossby waves (from 3 to 5 years) are reported in the southern Indian Ocean
by Perigaud and Delecluse (1993), Masumoto and Meyers (1998), Chambers et al. (1999)
and White (2000). Particularly, Masumoto and Meyers (1998) concluded that these
waves are primarily forced by the wind stress curl along the Rossby wave characteristic.
Xie et al. (2002) have suggested that Rossby waves play a important role in the air-sea
interaction of southern Indian Ocean where the doming mean thermocline allows
subsurface anomalies to affect SST. These Rossby wave-induced SST anomalies
modulate convection in the Indian Ocean ITCZ and may further influence the onset of the
Indian summer monsoon (Annamalai et al. 2004). While Xie et al. (2002) argued that
these Rossby waves are dominantly forced by ENSO, a more detailed study of Rao et al.
(2004) shows that the relative importance of ENSO and IOD varies with latitude. The
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wind stress curl associated with the positive 10D forces the westward propagating
downwelling long Rossby waves north of 10°S, increasing the heat content of the upper
layer in the central and western Indian Ocean. The heat content anomaly maintains the
SST anomaly; this SST anomaly, in turn, influences the wind stress anomaly, thereby
completing the feedback loop. In contrast, the ENSO influence dominates over the
upwelling dome south of 10°S (cf. Schott et al. 2002b) in the southern Indian Ocean, as
discussed by Xie et al. (2002) and Jury and Huang (2004). A similar response of sea
level to wind forcing is found in the study by Wijffels and Meyers (2004). The cause of
this is not very clear at this stage but the ENSO-related variation of the southern trade
winds is one possible candidate. = Another possible candidate is the Indonesian
throughflow which intrudes into this region; the oceanic anomaly of Pacific origin may
propagate westward and enhance local air-sea coupling south of 10°S (cf. Masumoto and

Meyers 1998).

The precondition for IOD evolution is another issue that requires more research.
Several studies indicate presence of a favorable mechanism in the eastern Indian Ocean
that combines cold SST anomalies, anomalous southeasterlies and suppression of
convection into a feedback loop (e.g. Saji et al. 1999; Behera et al. 1999). However,
recent studies suggest a few alternatives: atmospheric pressure variability in the eastern
Indian Ocean (e.g. Gualdi et al. 2003; Li et al. 2003), favorable changes in winds in
relation to the Pacific ENSO and the Indian monsoon (e.g. Annamalai et al. 2003),
oceanic conditions in the Arabian Sea related to the Indian monsoon (Prasad and
McClean 2004; Suzuki et al. 2004b) and influences from the southern extratropical
region (e.g. Lau and Nath 2004). All those studies fall short on more than one occasion
to answer the failure (or success) in IOD evolution in spite of favorable (or unfavorable)
precondition. For example, Gualdi et al. (2003) reported the failure of their proposed
favorable mechanism to excite the IOD event in 1979. We also find several instances
(e.g. the aborted 2003 event) when an IOD event is aborted abruptly by intraseasonal
disturbances (Rao and Yamagata 2004). This indicates the evolution of the IOD is more
complex than thought and further studies scale-interactions are needed, which will be

discussed briefly in the next subsection.
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2) EFFECTS OF SEASONAL CYCLE AND INTRASEASONAL VARIABILITY

Most of the earlier studies of the Indian Ocean aimed at understanding the seasonal
characteristics of the northern Indian Ocean (e.g. McCreary et al. 1993). This is mainly
because the response to seasonally reversing monsoonal winds is the dominant mode of
Indian Ocean variability. The Somali Current, Yoshida-Wyrtki jets, circulations in the
Bay of Bengal (cf. Shetye et al. 1996) and the Arabian Sea, and currents along the
Indonesian coast were prominently addressed in those studies. For an extensive review of
the monsoon ocean circulation, readers are referred to Schott and McCreary (2001).

Below we focus on the processes that are most relevant to the IOD.

The distinct seasonal cycle of the tropical Indian Ocean is composed of annual and
semiannual signals in response to monsoonal winds (Schott and McCreary 2001). Along
the Somali coast in the northwestern Indian Ocean, the winds are southwesterly in boreal
summer and northeasterly in boreal winter. This seasonal cycle of wind contains a
semiannual component because of the skewness of the annual march. The most striking
feature of semiannual cycle in the ocean is the equatorial Kelvin waves manifested as the
Yoshida-Wyrtki jet (Yoshida 1959; Wyrtki 1973; O’Brien and Hurlburt 1974). Based on
climatology of relatively sparse observational data, this eastward ocean jet was shown to
develop during monsoon breaks of boreal spring and fall (Wyrtki 1973). Luyten and
Roemmich (1982) confirmed its existence from moored current observations in the
western equatorial Indian Ocean. However, availability of continuous time series of
current data from the ADCP mooring site kept by JAMSTEC in the eastern Indian Ocean
has recently revealed a more ubiquitous nature of the zonal jet in response to the

intraseasonal variations of the wind forcing (Masumoto et al. 2004; Iskandar et al. 2004).

As mentioned earlier, the IOD is strongly locked to seasons; it develops in May, peaks
in September/October and fades way in December/January. Suzuki et al. (2004b) have
examined the role of seasonal monsoon in the evolution of IOD using harmonic and

complex empirical orthogongal function (CEOF) analysis methods for surface and
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subsurface variables. The first CEOF mode of subsurface heat content variability is
composed of annual and semiannual signals associated with the equatorial Kelvin and
Rossby waves. The annual signal is generated off the coast of Somali by the open ocean
upwelling/downwelling associated with the annual cycle of the Indian monsoon. The
semiannual signal is partly generated by the seasonal asymmetry in the annual cycle of
the Indian monsoon off Somalia and partly generated by equatorial zonal winds during
the monsoon breaks. The interannual variability of this CEOF mode influences the IOD
evolution; the variance of the first mode is reduced when 10D events occur (Suzuki et al.
2004b). This suggests an interesting link between the IOD and the Indian monsoon
through equatorial oceanic processes. The annual signal of the second subsurface mode
captures the subsurface IOD events. The semiannual component of the second mode
weakens during the IOD events and thus provides a favorable precondition for the IOD

evolution.

The intraseasonal atmospheric variability in the Indian Ocean shows pronounced
seasonality with the strongest activity along the equator in boreal winter and spring
(Madden and Julian 1994; Gualdi and Navarra 1998). The role of such intraseasonal
oscillations (ISO) in triggering and terminating El Nifio events has been discussed
widely (Luther et al. 1983; Kessler et al. 1995; Takayabu et al. 1999 etc.). Many studies
linked the ISO activity in the tropical Indian Ocean to the active and break monsoon
conditions over the Indian subcontinent (e.g. Madden and Julian 1994; Sikka and Gadgil
1980; Sperber et al. 2000; Sengupta and Ravicandran 2001; Sengupta et al. 2001; Vecchi
and Harrison 2003). Since the ISO originates in the tropical Indian Ocean, the role of
ISO in the IOD evolution needs to be discussed more. In a recent article, Rao and
Yamagata (2004) have examined the possible link between the ISO activity and the IOD
termination using multiple datasets. They observed strong 30-60 day oscillations of
equatorial zonal winds prior to the termination of all IOD events, except for the events of
1982 and 1997 (Fig. 18). This may be a reason for the 1997 I0OD event to last until early
February 1998 instead of a usual termination around December. Typically strong
westerlies associated with the ISO excite anomalous downwelling Kelvin waves that

terminate the coupled processes in the eastern Indian Ocean by deepening the
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thermocline in the east as discussed by Fischer et al. (2004) for the 1994 IOD event.
Gualdi et al. (2003) suggested that the anomalously high ISO activity in the northern
summer of 1974 (Lorenc 1984) might explain the aborted IOD event in the same year.

The interaction between intraseasonal activity and development of IOD events was also

simulated by their SINTEX CGCM.

The well-known Yoshida-Wyrtki jet originally discovered by climatological analysis of
ship drift data may be also viewed as an oceanic response to ISO locked to monsoon
break seasons. As already mentioned, Masumoto et al. (2004) demonstrated more
ubiquitous nature of the oceanic ISO activity; the Kelvin waves in the equatorial Indian
Ocean have strong variances in their intraseasonal periodicity. In normal years, the ISO
is more active in the central and eastern Indian Ocean. This may explain the difference
between Luyten and Roemmich (1982)’s observations in the western equatorial Indian
Ocean and that of Masumoto et al. (2004). Han (2004) observed dominant spectral peaks
at 90 days and 30-60 days in the sea level anomalies. From data and stand-alone ocean
model simulations, she demonstrated that the 90 days variability in the equatorial Indian
Ocean results from the propagating Kelvin and Rossby waves forced by winds. Since the
amplitude of winds in the particular band is weaker compared to that of the 30-60day
winds, she suggests that the selective 90-day oceanic mode is due to the resonant
response of the 2™ baroclinic mode to the weaker 90-day winds. In the southern Indian
Ocean thermocline dome, recent satellite observations detected pronounced intraseasonal
SST variability in boreal winter—in fact strongest of the entire Indo-Pacific warm pool
(Saji et al. 2004). These intraseasonal SST anomalies are shown to be associated with
large anomalies of surface wind and precipitation in the ITCZ. These intraseasonal
phenomena in the Indian Ocean are important not only in understanding the complicated
scale interactions in the basin but also in designing an effective observational network for

predicting IOD events (cf. Masumoto et al. 2004).
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5. Future Challenges

As the scope and dimension of CLIVAR research have expanded considerably beyond
focusing merely on the study of ENSO, our appreciation of the basic role of the tropical
ocean in climate has grown from adiabatic wave adjustment of the equatorial thermocline
to a broad spectrum of ocean processes, including mixed layer dynamics, to tropical-
extratropical exchange, and to interaction between tropical ocean circulation and MOC.
In this review, we have touched upon some new ideas on how different oceanic processes
can be at work for different climatic phenomena that take place at various time scales in
each of the tropical basins. For example, at seasonal-to-interannual time scales, the
Atlantic meridional mode involves primarily ocean mixed layer dynamics. At the same
time scale, the Pacific ENSO, the Atlantic zonal mode and the Indian Ocean Dipole all
involve, perhaps at some different level, wave adjustment of the tropical thermocline. At
decadal or longer time scales, the coupled variability in the Pacific may involve tropical-
extratropical exchange, whereas in the tropical Atlantic interaction between tropical
ocean circulation and MOC may also come into play. Although many of these ideas are
in early stages of development and further examination and refinement are required, it
remains indisputable that ocean-atmosphere interaction is most intense and active over
the tropical oceans. The important question concerning the role of the tropical oceans in
climate is how the information (heat, momentum, water) absorbed by the ocean from the
atmosphere can be sequestered below the surface, carried around the ocean while mixing
with the surrounding water masses, and eventually brought back to the atmosphere as
tropical SSTs at a later time and possibly at a different location. The processes involved
are enormously complex and our current understanding is inadequate to quantify much of
the detailed physics, particularly at decadal or longer time scales. The crucial role of
mxing parameterizations remains a key barrier to producing credible model
representations, especially at these long timescales. An improved understanding of these
processes is vital to our understanding of the predictability of climate fluctuations in the
tropical coupled system, as the long-term memory of these climate fluctuations resides in

the oceans.
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In the Pacific, the advancement of our understanding of ENSO has laid a theoretical
basis for its predictability where oceanic memory associated with adiabatic wave
adjustment of the equatorial thermocline plays a fundamental role. The central remaining
issue is our inability to come to grips with the issue of a predictability limit for ENSO. Is
the inability of present generation models to adequately forecast beyond a few seasons
due to an inherent limit of predictability or merely the shortcomings of our models and
observing system? The tantalizing results of Chen et al. (2004) of predictability of up to
2 years indicate that more work may well pay off in improved predictions. At present,
we have a number of competing theories for what determines the predictability, a number
of coupled GCMs that have serious internal deficiencies and an observing system and
assimilation methodology that is still under development. The early hope that ENSO
prediction was a "solved" problem has not been fulfilled, but neither has it been

demonstrated to be intractable.

Related to the question of ENSO predictability is the issue of decadal variation in the
tropical ocean. Are there low frequency modes of variability arising from extra-tropical
sources that do not interact with a separate ENSO mode, or is the interaction direct and
strong? The work of Yeh and Kirtman (2004) indicates that a coupled GCM favors the
first interpretation. But an examination of their results reveals that over short (50 year)
periods there may appear a very high correlation between ENSO variability and the
(independent) low frequency mode. This implies that existing observational records may

be woefully insufficient to resolve the issue.

The general concept of the STCs, and the observational record of their large scale
structure seem consistent, and monitoring of their variation has been demonstrated
(McPhaden and Zhang 2002). What remains, however, is the examination of the western
boundary currents and their variation. If the changes in meridional transport within the
ocean interior are counteracted by variations in the western boundary current transport,
the net effect on the tropical warm water balance may be unaffected. Observations and
model studies indicate that the low latitude western boundary currents vary (Qu and

Lukas 2003, Kim et al. 2004) including a change in the latitude of bifurcation, that may
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indicate changes in the distribution of water between that flowing to the equator versus
that recirculating within the subtropical gyres. As mentioned above, a theoretical

treatment of the baroclinic structure of the western boundary current is lacking.

An interesting study using the adjoint modeling technique probed the question of what
perturbations in the subtropical thermocline were most effective at changing the
equatorial thermal structure (Galanti and Tziperman (2003). They found that baroclinic
instability near the subtropical gyre boundary appeared as the leading effect, indicating
that the role of eddies in mixing potential vorticity may have a significant impact on the
simulation of the equatorial cold tongue by altering the PV pathways. A consideration
here is whether the level of baroclinic activity is a climate scale variable — does it
change on decadal time scales — or is it a stationary process that simply adds complexity

to the ventilated thermocline theory.

Aside from the lack of adequate data, our ability to tackle the difficult issue concerning
the relationship between Pacific interdecadal variability and ENSO has been hampered
by large biases in coupled climate models. It has been a long-standing problem that the
simulated equatorial cold tongue in the Pacific is excessively cold, and extends too far
west along the equator but is not wide enough in the meridional direction while the
Atlantic cold tongue is not well developed in coupled simulations (e.g., Davey et al.
2002). Maintaining a realistic thermocline structure along the equator in coupled
climate models has also been a challenge. This has greatly undermined our ability to
identify and examine real physical processes responsible for changes at decadal or longer
time scales, as these changes are relatively small and the processes are closely linked to
those that determine the mean state of the coupled system. While atmospheric forcing
and ocean-atmosphere coupling issues certainly contribute to model deficiencies, much
of the uncertainty can be laid to ocean processes. The Pacific Upwelling and Mixing
Physics (PUMP; Kessler et al 2004) program aims to address this cold tongue bias issue
in the tropical Pacific. It focuses on the interaction of mixing and upwelling in the
strongly-sheared environment of the equatorial undercurrent, particularly in the region in

the east, where the thermocline surfaces. Field measurements of microstructure,
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turbulent dissipation, and estimates of the larger scale context for the mixing processes
will be combined with a hierarchy of process and climate-scale models to provide the
necessary observational guidance for developing model parameterizations of mixing in
this critical region. PUMP combined with the enhanced backbone ocean observational
network, such as TAO/TRITON, Argo Profiling Floats, and satellite observations, will
allow us to further validate the importance of STCs and related oceanic processes in

ENSO and Pacific interdecadal climate variability.

The research during the early years of CLIVAR has made it more evident that
predicting ENSO related SST variability in the tropical Pacific alone is not sufficient to
make an accurate seasonal climate forecast over the entire tropics, even though ENSO is
recognized as the most prominent climate fluctuation at seasonal-to-interannual time
scales and does contribute significantly to climate variability outside the tropical Pacific
sector. Local SST anomalies in other tropical basins play an indispensable role in
determining climate variability and predictability in these regions. Yet unlike ENSO
where the oceanic memory mechanism associated with the delayed oscillator has been
identified to be critical in determining its predictability, we have not identified a clear set
of mechanisms through which the ocean dynamics contribute to the predictability of the
climate fluctuations in these regions. Studies thus far suggest that the coupled air-sea
feedbacks outside the tropical Pacific are generally much weaker than those associated
with ENSO, and can take a variety of forms. The predictable dynamics in weakly
coupled systems are generally more complex than those in strongly coupled systems that

support self-sustained oscillations, and can be affected by many factors.

In the tropical Atlantic, the oceanic processes that influence TAV predictability are
likely to be seasonally dependent. Two oceanic processes that hold special importance
in the seasonal variation of the warm water formation and escape process in the upper
tropical Atlantic may deserve particular attention: The first is the heat capacitor
mechanism (Philander and Pacanowski 1986) that regulates the meridional heat/mass
transport due to the seasonal change in the NBC/NECC system in response to the annual

migration of the ITCZ and the second is the entrainment process that regulates the SST
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seasonal cycle in the eastern equatorial Atlantic. Simple modeling studies (e.g., Lee and
Csanady 1999) suggest that both processes contribute to the mixed layer heat budget, but
operate in different ways and different seasons. The former alters adiabatically the mixed
layer heat storage rate through changing the depth of the mixed layer. This process is
most effective during the boreal winter/spring when the entrainment halts and the
northern escape gateway opens. Consequently, the warm water that accumulated during
the previous seasons escapes to the north from the tropics and the mixed layer depth
decreases. Conceivably, this process is highly relevant to the development of the TA
meridional mode, as this mode develops during these seasons and its evolution involves
interaction with the ocean mixed layer. Yet, little is known about how the heat capacitor
mechanism operates at interannual or longer timescales. At issue are how effective
changes in the meridional heat/mass transport induced by ITCZ fluctuations at
interannual or longer timescales can affect the mixed layer heat budget in the western
tropical Atlantic, whether these changes are strong enough to interact with the local
thermodynamic air-sea feedback in the region, and more importantly whether the heat
capacitor mechanism can provide an oceanic memory that contributes to the

predictability of this phenomenon.

The entrainment cooling that takes place during boreal summer contributes diabatically
to the seasonal mixed layer heat budget by transporting thermocline water into the mixed
layer, causing the rapid development of the cold SST. At the same time, the mixed layer
deepens as the gateway for transporting the water northward is blocked by the NBC
retroflection and the NECC during these seasons. This process is highly relevant to the
onset and decay of the TA zonal mode that develops during the same season. However,
progress in our understanding of this process in this mode is hampered by the lack of
sufficient observations and the difficulty that ocean models encounter in simulating
realistic variability in the equatorial Atlantic. The OGCM simulation conducted by
Carton et al. (1996) yielded a correlation value of only 0.3 between the observed and
simulated SST anomalies in the eastern equatorial Atlantic. Even some of the advanced
ocean data assimilation (ODA) systems have difficulties in reproducing the ocean state in

the tropical Atlantic basin. For example, the ECMWEF ODA systems show considerable
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systematic bias in estimating the upper ocean state in the equatorial Atlantic region, even
though the same system works very well in the tropical Pacific (Stockdale 2002, personal
communication). Apart from the obvious reason that the upper ocean variability in the
Atlantic is much weaker than that in the Pacific, deficiencies in model physics are most
likely to be the blamed for poor model performance. One potential problem may be
related to models’ inability to handle correctly vertical mixing in the equatorial region.
During the boreal summer, the thermocline becomes very shallow in the equatorial
eastern Atlantic, while the mixed layer deepens. Therefore, the thermocline water is
nearly depleted. This posts a challenge for numerical models, particularly those with low

vertical resolution.

At inter-decadal or longer time scales, the Atlantic Ocean plays a uniquely important
role because of the potential interaction between the STCs and MOC. The intriguing
modeling results (e.g., Vellinga and Wood 2002 and Dong and Sutton 2002) that show a
change in MOC strength can lead to a TAV response raises the possibility that the
Atlantic coupled system may be of particular importance to anthropogenic influences.
The potentially relevant oceanic mechanisms include the influence of the MOC return
flow on the Atlantic STC structure (e.g., Fratantoni et al. 2000; Jochum and Malnotte-
Rizzoli 2001) and the “equatorial buffer” mechanism (Johnson and Marshall 2002; Yang
1999). The challenge that lies ahead is how to quantify these mechanisms. Clearly, the
existing observations are hopelessly inadequate to give a full account of these
mechanisms, and a much improved observational base is badly needed. The questions
are: What types of observations are necessary and what the optimal design for tropical
Atlantic observing system should be to effectively understand and monitor the important

oceanic changes? Further modeling studies can shed light on these issues.

At the beginning of CLIVAR, a Pilot Research Moored Array in the Tropical Atlantic
(PIRATA) was implemented with the goal of gaining understanding of ocean-atmosphere
interactions in the tropical Atlantic that are relevant to regional climate variability at
seasonal-to-interannual timescales. The observation data from PIRATA has proven to be

extremely valuable in documenting and understanding local air-sea feedbacks in the
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region, despite its limited spatial coverage and time span. Discussions are currently
underway on how to expand PIRATA and evolve it into a more comprehensive and
focused ocean observing system that is better suited to study TAV and its predictability at
various time scales. Worth mentioning is the “Tropical Atlantic Climate Experiment”
(TACE) which is being planned. TACE is envisioned as a program of enhanced
observations and process studies with an emphasis on the eastern tropical Atlantic. The 5-
year (2006-2010) program will consist of an expanded PIRATA array as the backbone
observational system, and enhanced ARGO float and surface drifter coverage in the
eastern tropical Atlantic region. Its aim is to quantify the importance of oceanic
advection, upwelling and vertical mixing in the predictability of SST associated with the
TA zonal mode in this region. The improved observations will also put us in a better
position to refine our current understanding of the role of the STCs and MOC in TAV.
Figure 19 shows a schematic of TACE Observational Strategy. The details on scientific

issues addressed by TACE can be found in a “White Paper” by Schott et al. (2004).

Recent progress in our understanding of the ocean-atmosphere coupled variability in
the Indian Ocean, together with the evolution of high-resolution CGCMs, has opened a
door to a new stage of predicting IOD events. This rapid movement in modeling needs to
be supported by an ocean observing system. The collective effort will contribute to

societal needs of the most heavily populated region of the world.

Compared to other two major oceans, the Indian Ocean has not been observed
intensively. Since it is now clear that the Indian Ocean gives birth to intrinsic climate
phenomenon similar to El Nifo in the Pacific, this situation must be improved. As we
have seen in the previous sections, Pacific ENSO plays a dominant role in determining
the monopole SST pattern of the Indian Ocean through changes of surface fluxes and thus
influences seasonal climate conditions in countries in the Indian Ocean region. However,
climate conditions of countries surrounding the Indian Ocean appear to be equally or
more influenced by a regional SST structure, particularly related to IOD. This has
provided policy makers as well as scientists with strong motives of introducing a

systematic ocean observing system for climate prediction.
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Figure 20 shows a proposed buoy network in the Indian Ocean. In order to predict IOD
events, the TAO/TRITON type array, in addition to existing VOS XBT network and
ARGO floats, will provide necessary observations for ocean data assimilation. Also,
process field studies in key regions such as the upwelling region off Java, the climate
crossroads west of Australia, and the Sri Lanka dome, Arabian dome, and the southern
upwelling dome will be essential for validating model parameterizations as well as for

enhancing our knowledge of the ocean’s role in climate.

In the southern subtropical Indian Ocean, another dipole event is also identified in SST
anomalies (Behera and Yamagata 2001; Reason 2001; Fauchereau et al. 2003; Terray et
al. 2003; Suzuki et al. 2004a; Hermes and Reason 2004). To develop a field program to
understand the possible link between the IOD and subtropical climate signals such as the
Indian Ocean subtropical dipole is also important. Although the atmospheric surface
fluxes related to modulation of the mid-latitude high play a dominant role in determining
the SST signals, the southern Indian Ocean appears to contribute to the anomalous

condition in tropics.

In summary, we are now at break of dawn of integrated research and management of

Indian Ocean climate variability (cf. Meyers et al. 2001).
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Figure Caption

Figure 1. Retrospective forecasts of ENSO from 1857 to 2003. a) Nifio 3.4 time series
(red: observed; blue: predicted at lead time 6 months). b) Composite ENSO events.
(From Chen et al. 2004.)

Figure 2. Comparison between ENSO (left) and epoch difference (right) patterns of SST
(top) and cloudiness (bottom) anomalies during boreal winter. The ENSO patterns are
based upon linear regression of the anomaly fields upon the CTI during 1947-1997, and
the epoch difference maps are obtained by subtracting the period 1947-1976 from the
period 1977-1997. The color bar scale for the SST (cloudiness) anomalies is given on the
right-hand side of the figure in units of °C (oktas). Note that the ENSO-related anomalies
are per unit standard deviation of the CTI. (From Deser et al. 2004.)

Figure 3. The period (A) and growth rate (B) of the most unstable coupled mode as a
function of mean thermocline depth (H) and strength of the trade winds (t) (From
Fedorov and Philander 2000.)

Figure 4. Schematic sketch of the hypotheses of STC-induced decadal changes in the
tropical Pacific mean state by (Gu and Philander 1997) and (Kleeman et al. 1999). The
Gu-Philander’s mechanism emphasizes the advection of thermal anomalies by the STCs,
while Kleeman et al.’s mechanism emphasizes changes in STCs. Note the sketch shows
a zonally averaged view of the STCs. In reality, much of the equatorward geostrophic
transport probably occurs in the western boundary current.

Figure 5. Decadal differences in SST and winds in the tropical Pacific (From McPhaden
and Zhang 2004.)

Figure 6. Leading EOFs of the low-passed SST from the coupled GCM experiments of
Yeh and Kirtman (2004b). The leading EOF has a low correlation with the Niho-3.4
SSTA Variance, while EOF 2 has a high correlation. Note the similarity of the EOF1
pattern with the observed changes from McPhaden and Zhang (2004.)

Figure 7. The dominant pattern of surface ocean-atmosphere variability in the tropical
Atlantic region during boreal spring (left panel) and boreal summer (right panel). The
black contours depict the first EOF of the regional March-April and of June-August
rainfall anomaly (from GPCP data 1979-2001) in units of mm/day. The EOFs explain
33% and 23% of the seasonal variance in the boreal spring and summer, respectively. The
colored field is the March-April and June-August SST anomaly regressed on the principal
component time series of the rainfall EOF (units are °C, see scale below; white contours
every 0.2° are added for further clarity). Arrows depict the seasonal mean surface wind
vector in m/sec, regressed on the same time series (see arrow scale below frame). (From
Kushnir et al. 2004)
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Figure 8. Correlation between SST wind stresses and the Atl-3 index. (From Zebiak
1993).

Figure 9. Regression of zonally averaged surface wind stresses (vector), surface heat flux
(contour) and SST anomalies onto Nino-3 (a) and NAO (b) indices. (From Czaja et al.
2002).

Figure 10. Correlation maps of a cross-equatorial wind stress index against wind stress
curl and SST anomaly. (From Joyce et al. 2004)

Figure 11. Propagation of salinity compensated temperature anomalies on isopycnal o
25.5, within the thermocline along the Brazilian coast and then within the equatorial
undercurrent (EUC) as seen in an ocean GCM forced at the surface by NCEP-NCAR
Reanalysis data (see Lazar et al. 2001).

Figure 12. Change in surface air temperature during year 20-30 after the shutdown of the
thermohaline circulation in HadCM3. (From Vellinga and Wood 2002)

Figure 13. a) Correlation between the zonal wind index from central Indian Ocean and
the SST anomalies derived from GISST (Rayner et al. 2003) during August-November.
b) Same as in a) but for correlation between the zonal wind index and heat content
anomalies derived from SODA (Carton et al. 2000).

Figure 14. Composite of SST anomalies for a) all IOD events, b) pure IOD events, c) all
ENSO events and d) pure ENSO events. Adapted from the Yamagata et al. 2004.

Figure 15. Schematic diagram of IOD (top panel) and ENSO (bottom panel)
teleconnections based on the partial correlations/pure composite of Saji and Yamagata
(2003b) and Yamagata et al. (2004). The orange (blue) shade indicates warm (cold)
conditions during positive IOD or El Niho. Clouds (grey shade) represent rainy (dry)
conditions during positive IOD or El Niho. The opposite is true during negative IOD and
La Nina events.

Figure 16. Same as in Fig. 14 but for the zonal mass flux anomalies that represent
anomalous Walker circulation (from Yamagata et al. 2003a).

Figure 17. Schematic triangular relation among three key regions: the eastern Indian
Ocean, Eastern Europe/the Mediterranean Sea and the Far East. Warm (cold) colors
denote anomalously dry (wet) conditions. See details in the text. (From Yamagata et al.
2004.)

Figure 18. Wavelet spectrum of zonal wind anomalies showing the ISO activity for six
strongest IOD years. (From Rao and Yamagata 2004.)

Figure 19. TACE Observational Strategy. The proposed observing system components
include (see legend): Continuation of PIRATA moorings, PIRATA extensions along 23 °
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W and 5-10° E, equatorial subsurface (non-realtime) moorings along 23 °E and at 10° W,
island meteorological and tide gauge stations, enhanced float/drifter coverage in the
eastern TA, repeated atmospheric soundings along 23 °© W, ship-of-opportunity XBT
lines, and selected glider transects.

Figure 20. The evolving design of a sustained observing system for the Indian

Ocean.The systems includes 3x3 Argo profiling float array, 5x5 surface drifting bouy
arrays and a real time tide guage network.
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Figure 1. Retrospective forecasts of ENSO from 1857 to 2003. a) Nifio 3.4 time series (red: observed;

blue: predicted at lead time 6 months). b) Composite ENSO events. (From Chen et al. 2004.)
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Figure 2: Comparison between ENSO (left) and epoch difference (right) patterns of SST (top) and
cloudiness (bottom) anomalies during boreal winter. The ENSO patterns are based upon linear
regression of the anomaly fields upon the CTI during 1947-1997, and the epoch difference maps are
obtained by subtracting the period 1947-1976 from the period 1977-1997. The color bar scale for the
SST (cloudiness) anomalies is given on the right-hand side of the figure in units of °C (oktas). Note

that the ENSO-related anomalies are per unit standard deviation of the CTIL. (From Deser et al. 2004)
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Figure 3. The period (A) and growth rate (B) of the most unstable coupled mode as a function of mean

thermocline depth (H) and strength of the trade winds (t) (From Fedorov and Philander 2000).
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Figure 4. Schematic sketch of the hypotheses of STC-induced decadal changes in the tropical Pacific
mean state by (Gu and Philander 1997) and (Kleeman et al. 1999). The Gu-Philander’s mechanism
emphasizes the advection of thermal anomalies by the STCs, while Kleeman et al.’s mechanism
emphasizes changes in STCs. Note the sketch shows a zonally averaged view of the STCs. In
reality, much of the equatorward geostrophic transport probably occurs in the western boundary

current.
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Figure 5. Decadal differences in SST and winds in the tropical Pacific (From McPhaden and Zhang 2004).
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McPhaden and Zhang (2004).
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Figure 7. The dominant pattern of surface ocean-atmosphere variability in the tropical Atlantic region

during boreal spring (left panel) and boreal summer (right panel). The black contours depict the first

EOF of the regional March-April and of June-August rainfall anomaly (from GPCP data 1979-2001)

in units of mm/day. The EOFs explain 33% and 23% of the seasonal variance in the boreal spring

and summer, respectively. The colored field is the March-April and June-August SST anomaly

regressed on the principal component time series of the rainfall EOF (units are °C, see scale below;

white contours every 0.2° are added for further clarity). Arrows depict the seasonal mean surface

wind vector in m/sec, regressed on the same time series (see arrow scale below frame). (From

Kushnir et al. 2004)
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Figure 8. Correlation between SST wind stresses and the Atl-3 index. (From Zebiak 1993).
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Figure 9. Regression of zonally averaged surface wind stresses (vector), surface heat flux (contour) and

SST anomalies onto Nifio-3 (a) and NAO (b) indices. (From Czaja et al. 2002).
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Figure 10. Correlation maps of a cross-equatorial wind stress index against wind stress curl and SST

anomaly. (From Joyce et al. 2004)

-119 -



-0.1

-0.2

-0.5

-0.4

-0.5

-0.6

-0.7

-0.8

-0.9

T T T T [ T T [ T T [ [T T T [T
o

16°S 12°S 8°S 45 0° s0°w 20w 10w O°E 10°E
LATITUDE LONGITUDE

Figure 11. Propagation of salinity compensated temperature anomalies on isopycnal o 25.5, within the
thermocline along the Brazilian coast and then within the equatorial undercurrent (EUC) as seen in

an ocean GCM forced at the surface by NCEP-NCAR Reanalysis data (see Lazar et al. 2001).
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Figure 12. Change in surface air temperature during year 20-30 after the shutdown of the thermohaline

circulation in HadCM3. (From Vellinga and Wood 2002)
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'Figure 13. a) Correlation between the zonal wind index from central Indian Ocean and the
SST anomalies derived from GISST (Rayner et al. 2003) during August-November.
b) Same as in a) but for correlation between the zonal wind index and heat content
anomalies derived from SODA (Carton et al. 2000).
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Figure 14. Composite of SST anomalies for a) all IOD events, b) pure IOD events, c¢) all ENSO events and
d) pure ENSO events. Adapted from the Yamagata et al. 2004.
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Figure 15. Schematic diagram of IOD (top panel) and ENSO (bottom panel) teleconnections based on the
partial correlations/pure composite of Saji and Yamagata (2003b) and Yamagata et al. (2004). The
orange (blue) shade indicates warm (cold) conditions during positive IOD or El Nifio. Clouds (grey
shade) represent rainy (dry) conditions during positive IOD or El Nifio. The opposite is true during

negative IOD and La Nina events.
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Figure 16. Same as in Fig. 14 but for the zonal mass flux anomalies that represent anomalous Walker

circulation (from Yamagata et al. 2003a).
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Figure 17. Schematic triangular relation among three key regions: the eastern Indian Ocean, Eastern
Europe/the Mediterranean Sea and the Far East. Warm (cold) colors denote anomalously dry (wet)
conditions. See details in the text. From Yamagata et al. (2004).
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Figure 18. Wavelet spectrum of zonal wind anomalies showing the ISO activity for six strongest IOD
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Figure 19. TACE Observational Strategy. The proposed observing system components include (see
legend): Continuation of PIRATA moorings, PIRATA extensions along 23 ° W and 5-10° E,
equatorial subsurface (non-realtime) moorings along 23 °E and at 10° W, island meteorological and
tide gauge stations, enhanced float/drifter coverage in the eastern TA, repeated atmospheric

soundings along 23 ®* W, ship-of-opportunity XBT lines, and selected glider transects.
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Figure 20. The evolving design of a sustained observing system for the Indian Ocean.The systems includes

3x3 Argo profiling float array, 5x5 surface drifting bouy arrays and a real time tide guage network.
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